Photolithographic patterning of organic materials and plasma-based transfer of photoresist patterns into other materials have been remarkably successful in enabling the production of nanometer scale devices in various industries. These processes involve exposure of highly sensitive polymeric nanostructures to energetic particle fluxes that can greatly alter surface and near-surface properties of polymers. The extension of lithographic approaches to nanoscale technology also increasingly involves organic mask patterns produced using soft lithography, block copolymer self-assembly, and extreme ultraviolet lithographic techniques. In each case, an organic film-based image is produced, which is subsequently transferred by plasma etching techniques into underlying films/substrates to produce nanoscale materials templates. The demand for nanometer scale resolution of image transfer protocols requires understanding and control of plasma/organic mask interactions to a degree that has not been achieved. For manufacturing of below 30 nm scale devices, controlling introduction of surface and line edge roughness in organic mask features has become a key challenge. In this article, the authors examine published observations and the scientific understanding that is available in the literature, on factors that control etching resistance and stability of resist templates in plasma etching environments. The survey of the available literature highlights that while overall resist composition can provide a first estimate of etching resistance in a plasma etch environment, the molecular structure for the resist polymer plays a critical role in changes of the morphology of resist patterns, i.e., introduction of surface roughness. Our own recent results are consistent with literature data that transfer of resist surface roughness into the resist sidewalls followed by roughness extension into feature sidewalls during plasma etch is a formation mechanism of rough sidewalls. The authors next summarize the results of studies on chemical and morphological changes induced in selected model polymers and advanced photoresist materials as a result of interaction with fluorocarbon/Ar plasma, and combinations of energetic ion beam/vacuum ultraviolet ͑UV͒ irradiation in an ultrahigh vacuum system, which are aimed at the fundamental origins of polymer surface roughness, and on establishing the respective roles of ͑a͒ polymer structure/chemistry and ͑b͒ plasma-process parameters on the consequences of the plasma-polymer interactions. Plasma induced resist polymer modifications include formation of a thin ͑ϳ1-3 nm͒ dense graphitic layer at the polymer surface due to ion bombardment and deeper-lying modifications produced by plasma-generated vacuum ultraviolet ͑VUV͒ irradiation. The relative importance of the latter depends strongly on initial polymer structure, whereas the ion bombardment induced modified layers are similar for various hydrocarbon polymers. The formation of surface roughness is found to be highly polymer structure specific. Beam studies have revealed a strong ion/UV synergistic effect where the polymer modifications introduced at various depths by ions or ultraviolet/UV photons can interact. A possible fundamental mechanism of initial plasma-induced polymer surface roughness formation has been proposed by Bruce et al. ͓J. Appl. Phys. 107, 084310 ͑2010͔͒. In their work, they measured properties of the ion-modified surface layer formed on polystyrene ͑PS͒ polymer surfaces, and by considering the properties of the undamaged PS underlayer, they were able to evaluate the stressed bilayer using elastic buckling theory. Their a͒
approach was remarkably successful in reproducing the wavelength and amplitude of measured surface roughness introduced for various ion bombardment conditions, and other variations of experimental parameters. Polymer material-dependent VUV modifications introduced to a depth of about 100 nm can either soften ͑scission͒ or stiffen ͑cross-linking͒ this region, which produce enhanced or reduced surface roughness. © 2011 American Vacuum Society. ͓DOI: 10.1116/1.3532949͔
I. INTRODUCTION
Photolithographic image formation in a photosensitive polymer followed by plasma-based transfer of the defined photoresist patterns into other materials has been remarkably successful in enabling the production of micro-and nanometer-scale devices for the information technology, magnetic storage, microsystems, and other current technologies requiring patterned films or substrates. 1 The realization of patterning smaller features in the semiconductor industry has followed Moore's law. 2 This required a continuous evolution of the patterning techniques needed to fabricate devices, and necessitated the development of new photolithography systems and appropriate photoresist materials, along with advanced plasma etching equipment and processes. For instance, the ability to manufacture semiconductor devices with critical dimension ͑CD͒ of 45 nm has been possible because of the use of ArF-excimer laser ͑193 nm͒ lithography and new photoresist systems that replaced those for KrFexcimer laser ͑248 nm͒ lithography. 3, 4 At this time, 193 nm immersion and extreme ultraviolet ͑EUV͒ lithography are being developed to enable the production of devices with CDs of 30 nm and below. Next to these advanced photolithography approaches, G line ͑436 nm͒ and I line ͑365 nm͒ lithographies based on Hg discharge lamp emission are important for realizing larger scale structures. 5, 6 The need to change resist materials has introduced challenges for pattern transfer by plasma etching. This article is focused on plasma-polymer interaction mechanisms during pattern transfer by plasma etching, although the considerations and insights presented are also applicable to other applications requiring interactions of plasma with polymers. As we approach manufacturing of below 30 nm scale devices, gaps in our scientific understanding of plasma-polymer interactions become an important limitation in identifying efficiently solutions to important problems. For instance, the prevention of plasma-process introduced surface and line edge roughness in organic mask features is a representative problem of this kind.
A. Challenges of plasma-resist interactions for nanometer scale pattern transfer
Polymer materials interacting with plasma are exposed to fluxes of ions, reactive and energetic neutrals, electrons, and photons-including ultraviolet ͑UV͒ and vacuum ultraviolet ͑VUV͒ photons. Figure 1 shows a highly simplified diagram of a 30 nm wide line consisting of polymer molecules and corresponds to critical dimensions currently being used by the semiconductor industry ͑a more realistic representation would consider polydispersity, the fact that the polymer molecules do not form discrete, well ordered domains of uniform size, but instead will be intermixed, and also show that size and/or composition may vary, depending on proximity to the irradiated area͒. Depending on molecular weight ͑MW͒ and MW distribution, typical polymer molecules occupy roughly a sphere of 3-5 nm diameter. Therefore, about 6-10 polymer molecules will define the width of an organic mask that is 30 nm wide. A representative thickness of ϳ150 nm for a resist mask corresponds to about 30-50 polymer molecules.
Photoresist materials utilized for 193 nm lithography along with electron-beam resists such as polymethylmethacrylate ͑PMMA͒ that are often unstable in the plasma etch ͑PE͒ environment. 7, 8 Interactions of polymers with radiation environments can lead to large changes of the polymer materials and three-dimensional nanostructures made of these, including alterations in macromolecular structure, elemental composition, and concomitant changes in nanoscale surface morphology driven by high local stress-levels due to densification, e.g., in the surface/near-surface region, and possibly other responses to reduce free energy. 9 If the mask deforms during etch processing, changes in the nanoscale topography of device features produced by plasma-based pattern transfer take place, often with undesirable consequences, e.g., reduced electrical performance. 8, 10 FIG. 1. ͑Color online͒ Simplified schematic of a 30 nm wide line formed by resist molecules. On the top of the line, about 6 molecules ͑ϳ5 nm diameter͒ cover the distance from one side of the line to the other. The minimum spatial extent of the plasma modified region-considering ions ͑ϳ100 eV energy͒ and neutrals n-is depicted. Plasma-generated UV irradiation is also shown and will penetrate the polymer to an energy dependent that is 10 s of nm. The level of control needed for nanoscale manufacturing is of the order of both macromolecular and ion and neutral length scales. Lack of control of the interaction of the plasma with the polymer molecules of the resist will produce important profile imperfections.
Control of the plasma-polymer surface interactions is essential for accurate pattern transfer by plasma etching processes, and aimed at preventing the introduction of irregular feature profiles, including microtrenching, bowing, surface/ line edge roughening, and so forth. 7, 8, 11, 12 While such pattern transfer problems are seen for many materials, introduction of surface/line edge roughening appears to be highly specific to plasma-surface interactions with particular polymer materials.
The ion, electron, neutral, and photon fluxes produced in the plasma and incident on the polymer can modify the polymer properties at the top and sidewall of organic mask features, either dominantly by one type of species or often through synergistic interactions of multiple species. The near-surface chemical and structural properties are altered by the interaction of incident energetic ionic and thermal neutral species with substrate atomic constituents. The depth of the altered surface region is at the minimum dominated by the penetration depth of energetic ions. For example, as will be discussed below, argon ions with a kinetic energy of 100 eV impacting polymer surfaces at normal incidence create a disordered amorphous carbon region to a depth of about 2 nm. Complex effects are seen when polymer surfaces are exposed to chemically active plasmas. Formation of an intricate, layered near-surface region several nanometers in depth takes place in that case, while steady-state etching reduces the thickness of the unmodified polymer underneath ͑see below͒. The spatial extent of the ion and neutral modified region of organic materials at typical energies used for plasma etching 11 is for well selected process conditions comparable to the diameter of a polymer molecule. For plasma processes not tuned to the polymer structure, it can be significantly larger. For instance, energetic photons can, depending on photon energy, strongly modify polymer properties to a depth of the order ϳ100 nm and more. [13] [14] [15] [16] [17] The relative importance of this interaction and the penetration depth are highly polymer specific and reflect the wavelength dependence of the absorption coefficient. The type of plasmapolymer interactions also differ between the top of the mask ͑ion bombarded, VUV radiation exposure, and neutral arrival͒ and the sidewall ͑primarily neutral arrival along with VUV illumination͒. The modified depth also changes with the ion/neutral ratio of the discharge. For poorly controlled plasma-polymer interactions, the shape of etched features can be degraded due to surface roughening and line edge roughening of the mask pattern during plasma processing. This may lead to unacceptable changes in the dimensions and properties of device features produced by the plasmabased pattern transfer. These complex interactions have important consequences with regard to our ability to form three-dimensional nanoscale structures using polymer templates and limit control of the feature profiles that can be produced near minimum lithographic feature sizes.
The 2009 edition of the International Technology Roadmap for Semiconductors 2 specifies that for the 22 nm critical dimension technology node under development, the maximum standard deviation of the widths of the lines is 0.9 nm ͑3͒ and line width roughness is 1.2 nm ͑3͒. Figure 1 illustrates that the overall level of control needed, i.e., overlay accuracy, line width roughness, and so forth, is comparable to or smaller than the macromolecular length scale and the minimum length scale of material modifications due to plasma surface interactions. Achieving this level of control requires a detailed understanding of ͑a͒ the macromolecular factors that govern chemical and morphological stability of specific polymer molecules and polymer nanostructures inserted in particular plasma environments used for pattern transfer and ͑b͒ how changes in the microscopic plasmaprocess parameters, e.g., ion composition, ion energy, ion/ neutral ratio, and VUV energies and fluxes, affect plasma stability for given polymers.
This article is organized as follows: After a review of literature on this topic, we will summarize the results of selected studies by the authors and their collaborators aimed at identifying mechanistic origins of the chemical and morphological changes induced in selected model polymers and advanced photoresist materials as a result of interaction with fluorocarbon/Ar plasmas. We will highlight modifications of polymer materials/patterns that take place at the beginning of the plasma-polymer interaction period. The respective roles of ͑a͒ polymer structure/chemistry and ͑b͒ plasma-process parameters on the compositional, structural, and morphological consequences of the plasma-polymer interactions will be examined. The plasma studies are complemented by vacuum beam studies and molecular dynamics simulations of plasma/ materials interactions.
Questions we will address in this review are as follows: What are the respective roles of ͑a͒ polymer composition and molecular structure and ͑b͒ microscopic plasma-process parameters, e.g., fluxes and energy densities of ions, UV, reactive or energetic neutrals, and electrons in enabling or degrading polymer resist stability in the plasma environment? How well can current models of plasma etching resistance of photoresist polymers reproduce experimental observations? What is the origin of plasma-induced surface roughness ͑SR͒ and line edge roughness? Which factors control plasmainduced roughening of a specific polymer? What are the critical parameters that describe these interactions and how can they be measured and/or simulated?
wavelength to the next is made, new photoresist materials need to be developed, with new sets of functional units.
Current chemically amplified UV photoresist systems consist of several major functional units ͑see Fig. 2͒ .
1,4,21,22 A polymer forms the resist backbone connecting the acid group, the protecting group, and units that provide adhesion, enhance resolution, and etching resistance. 22, 23 For instance, the 193 nm photoresist polymer shown in Fig. 2͑a͒ is based on a ter-polymer structure important for methacrylate photoresists. The leaving group polymer allows switching the PR polarity from an insoluble state into an aqueous base soluble state. The lactone group improves PR solubility after exposure, but the high oxygen content of the lactone group can reduce plasma etch resistance. 24 The polar group consists of an R-functionalized adamantane structure and improves the base solubility of the PR. Photoacid generator ͑PAG͒ and base are additional components of actual 193nm PR systems. In Fig. 2͑b͒ , a 248 nm photoresist polymer based on hydroxystyrene, styrene, and t-butylacrylate is shown for comparison, and was used in some of the work described below. The polystyrene-derived PR contains a relatively low concentration of ester linkages as compared to the 193 nm PR. A major change in polymer structure between the two PR polymers is the lack of aromatic moieties in the 193 nm PR polymer. The reason is that the C v C double bonds of the aromatic ring used in the polyhydroxystyrene photoresist system are too absorbing at a wavelength of 193 nm and preclude their use in 193 nm PR. 3 Surface roughness ͑SR͒ and line edge roughness ͑LER͒ have been widely studied for photoresist materials and nanostructures. The majority of the work on LER has focused on the state prior to plasma etching. For lithographic image formation, line width roughness ͑LWR͒ is the standard deviation of the CD associated with the line width, whereas LER corresponds to the standard deviation of the line edge on one side. Numerous resist material and resist processing aspects can contribute to surface and line edge roughness. For instance, SR and LER features have been attributed to resist aggregates segregating to the surfaces, 25, 26 phase separation of protected and unprotected regions of the photoresist at the surface and sidewall, 27 and a variety of other factors including MW and MW distribution, and statistical effects during the catalyzed deprotection step and during dissolution of the relief image.
1, [28] [29] [30] [31] [32] [33] When 193 nm PR materials were introduced for nanofabrication, plasma etching resistance of resist materials and thus mask durability emerged as an important issue. The problem was aggravated by the fact that the film thickness of resist masks for nanoscale features produced by UV lithography had to be reduced. High-resolution pattern transfer by plasma etching requires control of ion bombardment to achieve the profile and selectivity goals of the process. This article addresses plasma-surface interactions relevant to transfer of resist patterns into underlying films or substrates, and our focus will be on a discussion of surface and materials characterization results obtained when interacting selected gas discharge environments with different polymer materials. Mask image transfer into an underlying material necessitates energetic ion bombardment ͑ϳ100 eV͒ of the polymer, along with exposure to reactive neutrals such as F, CF x , Cl, and Br, at fairly low operating pressure ͑ϳ10-60 mTorr͒ to avoid ion-neutral collisions in the sheath and, to prevent degradation of resist patterns, use of a substrate temperature near 30°C or lower. 34 The direct contact of the polymer with the plasma will subject the polymer mask also to irradiation with energetic photons and electrons from the plasma. For resist mask stripping, often a very different plasma-resist interaction environment is used. For instance, O 2 -based plasma ashing ͑stripping͒ approaches of photoresist masks have been developed and optimized to cleave the resist's carbon bonds and produce volatile reaction products in a charge-free environment. This is accomplished by heating the polymer to a temperature in excess of 200°C and exposing the material to long-lived reactive neutrals produced in a remote plasma source. [35] [36] [37] This kind of plasmapolymer interaction will only be addressed in passing.
High-and medium-density plasma etching reactors working at a pressure of 10-100 mTorr make it possible to produce highly directional etching profiles and control feature size dependent etching. 38, 39 Improved control of plasmasurface interactions in such systems is possible by employing two rf power supplies. This enables separation of management of plasma density and molecular dissociation from ion energy control. The plasma density is tailored by control of the source power level, e.g., an inductive source for inductively coupled plasma, [40] [41] [42] or a high frequency source for a dual frequency capacitively coupled plasma system, [43] [44] [45] [46] whereas the average ion bombardment energy is controlled by adjusting the rf bias voltage applied to the substrate electrode.
Gas discharges interacting with polymers can give rise to different etching phenomena. For plasma etching, a reactive gas is chosen so that reaction of it, or its fragments, with the polymer material will form volatile molecular products. 47, 48 Ion bombardment of the sample is not necessary, although it can be present. A measure of the maximum energy of bombarding ions is provided by the self-bias voltage which, if available, will be presented in this article. The ion-assisted component of plasma etching is referred to as ion-enhanced etching and usually involves the formation of new molecular species with high vapor pressure that leave the surface with thermal energy. For a polymer this may include the chain scission of low vapor pressure long chain polymers to produce high vapor pressure products, e.g., CH 4 , or short chain polymers that subsequently leave the surface by thermal desorption. One mechanism of ion-enhanced etching is chemical sputtering where ion bombardment causes a chemical reaction, which produces products that are weakly bound to the surface and easily desorb. 49, 50 For instance, for polymers, ion-enhanced etching can be characterized by very large etch yields. Finally, physical sputtering involves energetic ion bombardment of the sample and results in the ejection of usually atomic species with excess kinetic energy and a strong dependence on the angle of incidence ͑see Refs. 51 and 52 for reviews͒. Typically this is performed in noble gas environments, and etch yields are low.
B. Models of plasma etching resistance of advanced photoresists
During resist pattern transfer by plasma etching, interaction of the plasma-generated species with the organic molecules representing the image can produce chemical, morphological, and topographic changes, either in the macromolecules themselves and/or macromolecule defined nanoscale features. For the ter-polymers shown in Fig. 2 , the simplest polymer modification mechanisms could be the removal of side chains, or with respect to the polymer chain, both main chain scission or cross-linking reactions. While ion-induced near-surface processes may be similar for polymers with related composition, the high molecular selectivity of photon-induced processes may be expected to initiate degradation mechanisms that will be strongly characteristic of the detailed polymer structure.
Current models of PR plasma etching resistance primarily consider etching and mask thinning by the plasma, and roughly can be grouped in two types. Most polymer etch models used in the PR chemistry/lithography community focus on the effect of the polymer stoichiometry on plasma etch rate for fixed plasma-process conditions. [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] Polymer etching models used in the plasma etch community typically focus on accurately treating plasma gas phase, sheath, and surface processes, while often not considering in detail composition and molecular structure of the resist polymers. Several key references will be discussed below.
An early study by Pederson 62 reported etching behavior of various polymers in CF 4 / O 2 discharges. The work was performed using a high pressure, barrel-type capacitively coupled plasma etching system, with electrodes located at the top and bottom of the chamber and powered using 13.56 MHz. The electrodes were positioned between the chamber wall and A1 screens, which were assumed "to provide the effect of a Faraday cage thereby limiting the concentration of ionic species in the etching zone so that neutral free radicals are predominant." 62 The operating conditions were 200W rf power, chamber pressure of 0.55 Torr, 15 ml/min flow rate, of CF 4 / 8% O 2 . Pederson was able to make a number of important observations that were confirmed in subsequent work ͑see Table I͒ : ͑a͒ polymers with aromatic structure were more stable and etched at a rate of 0.25-0.5 of nonaromatic polymers; ͑b͒ etch rates of polymers were not directly related to the thermal stability of the materials ͑this was concluded from a comparison of etching rates and glass transition temperatures of the compounds. The comparison revealed that materials like polyimide and pivalolactone polymers with high thermal stability nevertheless showed etching rates greater than some materials with lower thermal stability͒; ͑c͒ the etch rates were roughly in accord with the susceptibility of the polymer to chain scission by high energy irradiation ͑he pointed out that the G scission value for cellulose with an ERϾ 700 nm/ min is ϳ10, while diethynylbenzene polymer with an ERϳ 40 nm/ min undergoes cross-linking instead͒. From comparison of etching behavior of different polymers and polymer structures, he concluded that the aromatic structure could be present in either the side chain or the backbone and have a similar stabilizing effect. The lowest etch rates were seen for glassy carbon films with a planar aromatic structure. One exception from the rule of low etching rates for aromatic polymers was seen for polyimide. This material not only contains aromatic structure in the main chain but also oxygen and nitrogen. Pederson's findings are consistent with many subsequent investigations that showed ͑1͒ the more aromatic moieties a resist polymer consists of and ͑2͒ the more carbon atoms a polymer contains in a monomer relative to other atoms ͑H, O, N, etc.͒ that may easily form volatile products, the more etch resistant the resist polymer. With respect to the stability of aromatic polymers in radiation environments, Reichmanis et al. 64 noted a "substantial intramolecular protective effect by phenyl groups in polymers" as "demonstrated by the low G values for H 2 formation and cross-linking in polystyrene ͑substituent phenyl͒, polyarylene sulfones ͑backbone phenyl͒." Here G value denotes the yield of a particular process for a given energy deposited by radiation in the polymer.
The Ohnishi model 53 and the ring model 54 are two widely used models of resist material etching resistance that correlate either empirical formulas of polymer composition or the influence of the aromatic moiety with measured etch rates. The Ohnishi model 53 is based on the observation that an increase in the oxygen content of resist materials increases the resist etching rate. The Ohnishi parameter OP is defined as the total number of atoms N tot over the number of carbon atoms N C minus the number of oxygen atoms N O in a monomer unit
For instance, a survey of different oxygen-containing polymers showed that polymer etch rate in the plasma environment increased with OP. 53 A linear increase of the polymer ER with OP was seen according to ER͑OP͒ = ER 0 ϫ OP ͑2͒ with ER 0 , the etch rate of comparable polymers without oxygen. Indeed, while measured resist etching rates for given plasma operating conditions often correlate with the Ohnishi parameter for different resists, in many situations the degree of correlation between resist etching rate and Ohnishi parameter proved to be poor. 65, 66 The experimental work on which this relationship is based was performed using Ar discharges interacting with polymers. 53 For this situation, a linear increase of the etching rate ͑etching yield͒ with OP is plausible as will be discussed in more detail below. For chemically reactive discharges, this kind of relationship is not necessarily expected ͑as will be discussed below͒. The Ohnishi model makes no statement on changes in resist etching behavior as plasma operating conditions are changed.
Based on the insights obtained by Pederson 62 and others, efforts to increase etching resistance of resist polymers often use the incorporation of aromatic groups, e.g., copolymerization. This was investigated by Anderson and Rodriguez 63 who examined the influence of copolymer composition for aromatic derivatives of itaconic acid and poly-␣-methylstyrene on dry etching resistance of these materials in CF 4 / O 2 . They also measured chain scissioning yield G for these materials under electron-beam irradiation. With the incorporation of aromatic rings, etch rates and G values decreased. Anderson and Rodriguez 63 concluded that the specific structure of the aromatic monomer was unimportant, i.e., incorporation in the main chain or in a side group ester were similarly effective. Addition of fullerenes to increase plasma etch resistance has also been described. 67 Other approaches are based on incorporation of inorganic materials, e.g., by ion implantation, or treatment with metal containing solvents. 63 Of these, the incorporation of Si into organic polymers has become a very important approach and will be briefly discussed at the end of Sec. II C.
The observation that polymers containing aromatic rings often exhibit low plasma etching rates, motivated Kunz et al. 54 to develop a relationship between the chemical structure and the photoresist etching rate. They correlated measured etching rates of different resists with a ring parameter r. This is defined as the mass of the resist in the form of carbon atoms in a ring structure M CR over the total resist mass M TOT ,
As the ring parameter increases, a decrease of the PR etching rate was seen. 54 In terms of reproducing etching rate variations, this model is sometimes better and often equivalent to the Ohnishi model for reasons that are unknown. 65, 66 The role of the aromatic ring may be explained in that the removal of one carbon atom from an aromatic ring requires breaking three C u C bonds. 67 For polymethylmethacrylate, methyl groups are bound with a single C u C bond to the backbone, and C u O bonded species are bound with two C u C bonds, making the removal of these carbon groups much easier. 67 Other models 65, 66 that consider both polymer composition and structure appear more successful than the Ohnishi and the ring model in describing variations of the photoresist etching rate as a function of the atomic/molecular environment for particular polymer families. For instance, one model includes not only polymer composition as done in Eq. ͑2͒ but also a polymer structure dependent factor to describe etching rates. 65 Unfortunately, details on the molecular parameters used in these models were not published, and the etch rate curves for different polymer families show unexplained off-sets. Additionally, the tool and process dependences cannot be predicted. For instance, Cl 2 and fluorocarbon etching processes showed opposite trends of the relative etch rate ratio for selected polymer families. This is likely due to the fact that processes resulting from the plasma, e.g., ion induced damage, fluorocarbon deposition, diffusion of neutrals, and chain scission, are ignored.
The above models are focused on reproducing resist etching rate trends for plasma operating conditions held constant as different resist materials are processed. The models do not attempt to address changes in resist etching rate as a function of plasma operating conditions or microscopic plasma parameters.
The effect of the plasma etching conditions on polymer etch behavior has been studied using a number of models. [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] The plasma-resist etching models typically do not consider changes in the chemistry and morphology of the macromolecules. Only in selected cases was the impact of the plasma etching process on topography of nanoscale features considered, e.g., see the work by Guo and Sawin. [84] [85] [86] C. Surface roughness and line edge roughness introduced by plasma and energetic beam exposures
Energetic beam induced changes of resist chemistry and surface morphology
Interaction of energetic beams with polymers introduces important surface and near-surface modifications. The extensive use of PMMA as a resist has led to many investigations of irradiation effects on this material. [87] [88] [89] [90] Degradation of PMMA by deep UV, x-ray, electron, and proton beam irradiations for resist applications has been analyzed by Choi et al. 91 Even though the energies of the radiation sources varied vastly ͑up to 900 keV for H 3 + ͒, they observed a 1-to-1 correspondence of loss of ester groups and generation of double bonds in the polymer chains for all radiation types. Structural modification including chain scission, cross-linking, doublebond formation, molecular emission, changes in molecular weight distribution, and so forth due to ion irradiation of polymers have been reviewed by Calcagno et al. 92 Besides cross-linking and chain scission, irradiation of polymers also often give rise to "small molecule products, resulting from bond scission followed by abstraction or combination reactions." 64 Complimentary to this work are studies by Koval, 93 who examined surface effects after low energy Ar ion bombardment of PMMA. For ion bombardment energies of 250 eV, he argued that during steady-state etching, a four layer structure is produced from the bulk resist. It consists of a graphitized layer of 2 nm thickness, over a 2 nm cross-linked region, above an ϳ2 nm thick low molecular weight region ͑scission͒ on unmodified PMMA. By scanning electron microscopy, different ͑dose dependent͒ surface topographies were seen for PMMA surfaces, including waves and bubbles. The latter were attributed to formation of gaseous products in the material which, if formed at rates higher than the typical gas permeation rates through the top graphitized layer, would produce bubble defects. Prior electron-beam irradiation led to the formation and removal of gaseous products. During subsequent ion beam bombardment, bubble formation was prevented. Koval 94 also found that Ar ion ͑250-1250 eV͒ bombarded PMMA showed an increase in electrical conductance, which was attributed to the formation of the graphitized surface layer.
The above is an example of "altered layer" formation typically seen during ion bombardment of compounds and complex multielement materials. [95] [96] [97] [98] For a compound, the near-surface region becomes enriched in the element i with the smaller sputter yield Y i and depleted in element j with the higher sputter yield Y j so that in steady-state the sputtered flux corresponds to the bulk material composition. If ⌰ i , C i and ⌰ j , C j are fractional surface coverage and bulk atomic concentrations of elements i, j, respectively, the following relationship expresses the surface enrichment of the element with the smaller sputter yield:
In hydrogen-containing plasma environments, or in beam experiments involving Ar + ions and H atoms, the hydrogenation of carbon films also can take place, which can increase sputter yields. For instance, interaction of low energy hydrogen ions or neutral species with dense a-C:H films produces during steady-state erosion a modified layer at the surface that is characterized by a higher H content and lower atomic density, typical of soft, polymerlike a-C:H films. [99] [100] [101] Hopf et al. 102 observed that the erosion yields were simultaneously enhanced as physical sputter processes seen for Ar + are replaced by chemical sputter processes for Ar + / H atom beam exposures. They explained their data with a model where Ar + ion bombardment breaks C bonds within the ion penetration range, which are passivated by atomic hydrogen passivation. The subsurface C x H y subsequently can diffuse to the surface and desorb.
Similar highly cross-linked surface layers as produced by Ar ion bombardment of PMMA are formed for other polymers, e.g., PS. Tead et al. 103, 104 observed that diffusion of deuterated PS in a PS matrix was a sensitive probe of polymer damage. When deuterated PS was treated in reactive ion beam or plasma etching, diffusion was slowed down by the damaged surface layer. Additionally, these authors observed surface wrinkling of the reactive ion beam etched sample if heated above the glass transition temperature. 104 Luckman 105 and Pal et al. 106 used surface pattern formation ͑reticulation͒ on resist surfaces during plasma exposure as a probe of wafer temperature.
The surface modifications of polymers, e.g., due to crosslinking, by plasma treatment are also strongly reflected in changes of the nanomechanical properties of polymers. [107] [108] [109] [110] [111] 2. Examples of plasma-induced surface/line edge roughness in resists Figure 3 illustrates important problems in the interaction of etching plasmas with advanced resist materials. 7, 8, 112, 113 In Figs. 3͑a͒ and 3͑b͒ 193 and 248 nm photoresist films, respectively, are shown after a dielectric ͑fluorocarbon͒ plasma etching step in a commercial plasma reactor. 7 The plasmasurface interaction produces severe SR for the 193 nm material, whereas the surface of the 248 nm material remains smooth. The roughened resist surface layer is characterized by regions of unequal thickness. Ion focusing into the thinner photoresist regions on the rough surface was mentioned by the authors as a mechanism that can produce localized etching of the underlayer and create pinholes with a diameter of about 20 nm. 7 At the edge of a resist line, the surface roughness can be transferred into the underlayer during plasma etching. This produces line edge roughness of features, superimposed on LER existing in the resist features before plasma exposure. Roughening of resist lines has been observed frequently. An example is shown in Fig. 3͑c͒ , which displays 50 nm wide trenches formed in SiO 2 by plasma etching using an electron-beam patterned PMMA resist mask. 8 The plasma exposure of the PMMA resist produced surface and line edge roughness in the PMMA material, which was subsequently transferred into the SiO 2 trench sidewalls. In Figs 113, 114 Changes in the nanoscale topography of device features produced by plasma-based pattern transfer have many undesirable effects, e.g., reduced carrier mobility due to scattering in nanoscale wires 8, 115 and possibly reduced process yield of final devices. Hua et al. 116 observed that rough surfaces develop within a few seconds of exposure of 193 nm PR materials to C 4 F 8 / 90%Ar discharges. Using PR trench patterns and performing time resolved plasma exposure studies using a shutter system, they were able to capture how during plasma exposure of PR structures, transfer of surface roughness produced rough PR sidewalls that exhibit vertically aligned features. 116 This is shown in Fig. 4 . The material shown is a 300 nm thick 193 nm PR film, spin coated on ϳ80 nm thick bottom antireflection coating ͑BARC͒ layer on top of an organosilicate glass layer on a silicon substrate. Line and trench patterns were formed in the 193 nm PR film by lithographic exposure and development. To highlight initial stages of PR surface and structure modifications by plasma exposure, the structures were directly exposed to the C 4 F 8 / 90%Ar plasma without first etching the BARC layer. The C 4 F 8 / 90%Ar discharges were produced in an inductively coupled plasma ͑ICP͒ device using 1000 W source power, a pressure of 10 mTorr, a total gas flow rate of 50 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, and a self-bias voltage of Ϫ125 V. Scanning electron microscopy images of the top surfaces and trench sidewalls are shown in Fig. 4 . A "standing wave" pattern due to the photolithographic process is visible on the sidewalls of as received 193 nm PR patterns ͓horizontal lines in Fig. 4͑a͔͒ and disappeared after short plasma-photoresist interaction times. For a brief plasma exposure time of ϳ1.6 s, primarily surface roughness is visible and no features that extend from the top to the bottom of the PR side- walls ͓Fig. 4͑b͔͒. For longer plasma exposure times, increasingly larger and more clearly defined columns are formed on the PR line sidewalls. Finally, striations extend from the top to the bottom of the PR line sidewalls. The orientation of the columnar structures is nearly vertical, indicating that ion bombardment plays an important role in the formation mechanism. Formation of significant sidewall roughness appears to be caused by initial surface roughening followed by ion induced transfer of the rough edges into the feature sidewalls. A corresponding study with 248 nm PR showed much reduced surface and sidewall roughening, indicating that the molecular structure of the PR plays an important role in determining the scale of roughness formation. 116 Morphological changes of PR structures have been characterized using atomic force microscopy ͑AFM͒ 117,118 and frequency spectra of LER have been determined. 119 A beautiful example of AFM characterization of plasma-induced LER is shown in Fig. 5 from the work of Goldfarb et al. 117 In order to enable AFM analysis of PR sidewalls, they cleaved the wafer in a direction parallel to an array of PR lines and subsequently used atomic force microscopy to image photoresist-underlayer sidewalls ͓see Fig. 5͑a͔͒ . The figure shows the 248 nm photoresist layer on top of the BARCs and the SiO 2 layer, along with the AFM technique used to image roughness formed in the multilayer sidewalls by plasma etching. The developed PR image was transferred using a N 2 / H 2 ͑1:1 flow rate ratio͒ plasma into the BARC layer, followed by CF 4 / CHF 3 / Ar ͑3:1:22.5͒ for etching of 500 nm SiO 2 . For plasma etching, they employed a medium-density capacitive etch reactor; 500-600 W power and 40-60 mTorr pressure were quoted as typical parameters. The key result of Fig. 5͑b͒ is that after plasma etching striations extend vertically from the PR layer across the etched BARC and SiO 2 layers. While the roughness on the PR sidewalls found after photolithographic processing is isotropic, plasma etch produces directional roughness. The striations formed in the PR sidewalls continue into the etched underlayers. This work was performed with 248 nm PR for which many studies show reduced surface and line edge roughness formation as compared to 193 nm PR. Goldfarb et al. 117 pointed out that if the PR etch rate could be suppressed sufficiently so that the PR-BARC sidewall surface remained relatively smooth during the process, then propagation of roughness into the SiO 2 underlayer can be prevented. Many other groups besides the ones mentioned have studied roughness introduction during plasma exposure when using nonaromatic PR materials or other masking situations and examples of their work can be found in Refs. 120-134. Surface roughness and line edge roughness introductions in resists during plasma etching have been extensively investigated by Gogolides et al. and also reviewed by them. 135 Guo and Sawin [84] [85] [86] modeled roughness formation during plasma etching of resist patterned SiO 2 and presented a review. Two mechanisms are often invoked to explain pattern formation at surfaces during interaction with energetic beams or plasma.
͑1͒ Competition between surface roughening and smoothing mechanisms. Formation of surface ripples, waves, cones, and other patterns are often seen during low energy ion sputtering of inorganic materials. [136] [137] [138] [139] [140] These phenomena, e.g., the ripple "wavelength" ͑10-1000 nm, large relative to the surface component of the ion range͒, are typically highly temperature dependent and found to often reflect a competition between mechanisms that produce surface smoothing, e.g., surface diffusion and viscous flow, and surface roughening, for instance, by surface curvature-dependent sputter yields. [136] [137] [138] A model of ripple formation on surfaces during low energy ion sputtering that considers the angular dependence of the sputter yield and surface diffusion has been proposed by Bradley and Harper 136 ͑see also below͒. For instance, this model allowed them to explain why the orientation of the ripples depends on the angle of incidence of ions relative to the surface. Similar surface topography effects are seen for many inorganic materials. This is different from polymer surface roughening results, which are found to strongly depend on polymer structure. ͑2͒ Micromasking. Deposition of nonvolatile materials often leads to very rough surfaces, including "black" silicon when SiO 2 , involatile metal or other micro-and nanoscale masks are formed for highly selective etching processes. [141] [142] [143] [144] [145] [146] [147] Surface roughening of resists and underlayers during plasma etching using fluorocarbon gases has been attributed to localized fluorocarbon deposition. 84 Even though this effect may contribute to surface roughness, it does not explain the strong depen- Oehrlein, Phaneuf, and Graves: Plasma-polymer interactions: A review of progress in understanding 010801-9 010801-9 dence of plasma-induced surface roughness on polymer structure.
Silicon-containing resists
Top-surface-imaging ͑TSI͒ is an alternative to single layer resist processing. Here a SiO 2 imaging layer is produced by the interaction of an oxygen plasma with a thin silicon containing resist layer since for Si-containing polymers, exposure to an O 2 plasma will produce an etch resistant SiO 2 layer on the resist surface. [148] [149] [150] [151] [152] [153] [154] [155] [156] This approach enables bilayer ͑thin Si-containing top layer that is transformed into etch resistant layer on thick organic bottom layer͒ or multilayer lithography. The SiO 2 pattern is then transferred using O 2 based plasmas into the thicker carbon-based resist material without silicon. This process can show severe SR and LER that have been widely studied. 154, [157] [158] [159] [160] [161] [162] [163] [164] [165] We conclude that the review of the literature shows agreement on ͑a͒ the stability of aromatic polymers with regard to both etching resistance and morphological stability in plasma environments; ͑b͒ the increased presence of elements X that easily form volatile C m X n products, e.g., O or H, can explain why overall composition of a resist material can provide a first order estimate of etching resistance of the resist in a plasma etch environment. While it is also clear that the molecular structure of a resist polymer plays a critical role in changes of the surface morphology of a resist pattern during plasma etch, i.e., introduction of surface and line edge roughnesses, the mechanistic origins of these processes have not been clearly established. There is a significant agreement that the transfer of resist surface roughness into the resist sidewalls followed by extension of vertically aligned roughness features ͑striations͒ into feature sidewalls during plasma etch is a formation mechanism of plasma-process induced sidewall or line edge roughness. The fundamental origin of plasma-induced polymer surface roughness, the role of polymer composition and molecular structure, and the influence of microscopic plasma parameters have remained unclear.
III. RESULTS OF PLASMA AND ENERGETIC BEAM STUDIES OF MODEL PHOTORESISTS AND POLYMERS
In this section, we will review the results of research focused on the understanding of the mechanisms of degradation of selected advanced PR materials, polymers, and nanostructures in plasma and energetic beam environments. The overall objective was the characterization of the consequences of the interaction of plasmas and energetic beams with model polymers that photoresists employed in advanced photolithography are based on, along with establishing atomistic factors that control etching rates, and introduction of surface roughness/line edge roughness. Two of the photoresist polymers used for that work are shown in Fig. 2 . We will review the insights this work produced on the respective roles of polymer structure and plasma fluxes to the surface and UV-ion and substrate heating synergistic effects on PR surface morphology. The results of this work have been documented in Refs. 21, 106, and 166-179. This work was complemented by studies of plasmas and energetic beams interacting with a number of simple prototypical polymers, and elucidation of the factors that control surface roughening characteristics. The materials studied included polystyrene, poly-4-methylstyrene, and poly-␣-methylstyrene, which show greatly differing radiation responses, along with nitrogen-containing polymers. Important differences in the plasma-surface interactions for these materials have been established, e.g., due to differences in response to the vacuum UV radiation. 178 Ion interactions with materials like polystyrene were also treated using molecular dynamics ͑MD͒ simulations. The results of MD were quantitatively compared with measurements on the modified surface layers formed in plasma or ion beam experiments 179 and will be reviewed below. Figure 6 shows the structures of model polymers used by Engelmann et al. 21, [166] [167] [168] that complement the polymers shown in Fig. 2 . Using these polymers, they explored the impact of different backbones and functional groups on etch rate and morphological stability in plasma and energetic beam environments. The materials studied included customsynthesized and fully characterized methacrylate-based adamantane polymers representative of advanced photoresist materials, related core homopolymers, and fully formulated 193 and 248 nm photoresist systems based on the model compounds. The experimental strategy was to study plasmapolymer interactions for 193 nm polymers that differ slightly in the makeup of the leaving group or the polar group to FIG. 6 . ͑Color online͒ Selected modifications of 193 nm photoresist polymer materials to evaluate their influence on photoresist material responses in plasma and energetic beam environments ͑from Ref. 21͒ . In ͑a͒, a 193 nm PR ter-polymer structure is shown; ͑b͒ the PAG and base are specified which when added to the polymer shown in ͑a͒ produces full formulation of a photoresist system; ͑c͒ replacement of MAMA by EAMA in leaving group; ͑d͒ replacement of RAMA by RADA in polar group; ͑e͒ p-MAMA homopolymer.
A. 193 nm photoresist etching, surface, and line edge roughness
Oehrlein, Phaneuf, and Graves: Plasma-polymer interactions: A review of progress in understanding 010801-10 010801-10 evaluate the impact of specific groups on polymer/ photoresist etching rate and introduction of surface roughness.
A methyl adamantyl methacrylate in the leaving group ͑MAMA͒, an ␣-gamma butyrolactone methacrylate in the lactone group ͑GBLMA͒, and R-functionalized adamantyl methacrylate in the polar group ͑RAMA͒ is typical of 193 nm PR materials and serves as a reference and is displayed in Fig. 2͑a͒ . In addition, a fully formulated 248 nm photoresist ͑248 nm PR͒ based on hydroxystyrene, styrene, and t-butylacrylate was also studied and is shown in Fig. 2͑b͒ . For the 193 nm PR material, Engelmann et al. 21 tested the impact of ͑a͒ adding PAG and base to MAMA to produce a fully formulated chemically amplified photoresist with a polymer identical to the reference MAMA ͓see Figs. 6͑a͒ and 6͑b͔͒. This comparison clarified the influence of functional additives on PR performance in the plasma environment; ͑b͒ changing the leaving group to ethyl adamantyl methacrylate ͑EAMA͒ ͓see Fig. 6͑c͔͒ ; ͑c͒ replacing the methacrylate group in the polar group of MAMA with an acrylate group ͑RADA͒ ͓see Fig. 6͑d͔͒ . ͑c͒ The behavior of the adamantyl structure during plasma etch was examined in isolation using the homopolymer poly-metyladamantylmethacrylate ͑p-MAMA͒ ͓see Fig. 6͑e͔͒ . The etching behavior of these polymers in industrially relevant C 4 F 8 / 90%Ar inductively coupled plasma processes was examined. Comparisons with the results obtained in parallel ion beam studies will be described below.
Blanket films of all materials ͑400 nm thick͒ coated on Si wafers and soft-baked at 120°C for 1 min were exposed to C 4 F 8 / 90%Ar ICP discharges. The plasma systems used for this work are based on low pressure, inductive plasma sources. 116 The "standard conditions" used in the work of Engelmann et al. 21 were C 4 F 8 / 90%Ar inductive discharges operated at a source power level of 800 W, 10 mTorr pressure, and a self-bias voltage of Ϫ100 V achieved by independent rf biasing. Characterization and computer modeling results of similar C 4 F 8 / Ar discharges produced in one of the ICP systems have been described elsewhere. 180, 181 To overcome the problem of long plasma stabilization periods ͑up to ϳ30 s in conventional plasma reactors, 182, 183 Engelmann et al. 21 used a shutter configuration 116, 184 that enabled a minimum controlled plasma exposure time of less than 1 s. This allowed them to study the temporal evolution of polymer/ photoresist properties. Materials etching rates, and surface chemical and morphological modifications were measured by complementary ellipsometry, x-ray photoelectron spectroscopy ͑XPS͒, static time-of-flight secondary ion mass spectrometry ͑ToF-SIMS͒, Fourier transform-infrared spectroscopy ͑FTIR͒, scanning electron microscopy, and atomic force microscopy. 21 All materials showed the following behavior when exposed to C 4 F 8 / Ar plasma operated using the above standard conditions:
͑a͒ Etching rates decreased during the first 15 s to a value roughly half the initial value. ͑b͒ The refractive index of the polymer materials increased rapidly at first. The refractive index increase reflected elimination of hydrogen and oxygen from the surface region of the polymer and formation of a dense graphitic layer. Detailed ellipsometry simulations and complementary measurements ͑using Ar plasma͒ revealed the formation of up to ϳ3 nm thick graphitic layer during initial plasma exposure. Damage layer formation will be discussed in more detail below. ͑c͒ Oxygen and hydrogen loss and the subsequent fluorination of the PR near-surface region were investigated using core level and valence band x-ray photoemission spectroscopy performed with plasma-processed materials after transfer in vacuum into an UHV surface analysis chamber. The data of Engelmann et al. 21 indicate that after about 15 s plasma exposure time the degrees of oxygen and hydrogen loss and fluorination of the first 1-2 nm of the polymer were essentially complete, and steady-state etching of the PR had started. ͑d͒ High spatial resolution ToF-SIMS analysis of samples produced using a moving shutter allowed the plasma exposure time to be varied continuously as a function of position. This approach was used to determine the temporal evolution of key photoresist components. The results of the ToF-SIMS measurements showed that within less than 5 s of fluorocarbon/Ar plasma exposure, the MAMA, GBLMA, the photoacid generator ͓triphenylsulfonium perfluorobutanesulfonate ͑TPS-PFBS͔͒, and other groups in the near-surface region ͑ϳ10 nm͒ had been destroyed.
For the specific model polymers displayed in Figs. 2 and 6, Engelmann et al. 21 showed that a low plasma etching rate does not guarantee low surface roughness and vice versa. Instead, nanoscale surface roughness evolution was found to depend strongly on polymer molecular structure. Figure 7 from that work 21 shows time-averaged ͑60 s͒ etch rates after standard plasma exposure versus the Onishi parameter of the materials. Consistent with the observation that oxygen content strongly influences the etching resistance of polymers, Fig. 7 shows that the polymer etch rates roughly follow the Ohnishi model and thus reflect major differences in oxygen content of the PR, systematic and significant differences are seen for the 193 nm PR related compounds. For these, the oxygen content is roughly comparable, and the Ohnishi model cannot account for the observed etching rate differences. Figure 7 also shows measured root mean square ͑rms͒ surface roughness values for all materials after 60 s plasma processing. The roughness data imply that the introduction of surface roughness is not dominated by polymer etching rate ͑i.e., layer thickness removed during 60 s͒. The behavior of the p-MAMA homopolymer shows that the adamantyl structure is highly susceptible to plasma etching induced roughening. Consistent with this observation, we will show that the labile nature of the adamantyl structure is one key factor for the surface roughness effects seen for all of the 193 nm polymer materials examined in the work of Engelmann et al. 21 The observation of a smaller etching rate for p-MAMA than the 193 nm related materials suggests that the oxygen incorporation of the ter-polymers, especially in the lactone group, is the factor that increases PR etch rate.
The data of Fig. 7 support the picture that while polymer etching rates correlate reasonably well with average polymer stoichiometry, surface roughness introduction is more strongly influenced by polymer structure.
Examination of etching model
The Ohnishi etching relationship describes sputtering of oxygen-containing polymers in Ar discharges. 53 For reactive discharges, an even larger change in surface composition is expected. A question examined by Engelman et al. 167 is if a simple extension of the Ohnishi parameter to include the fluorine coverage could capture these changes. The etching model developed by Engelmann et al. 167 was compared with the data of measured PR etching rates, compositional information of the starting material, and surface chemistry determination during steady-state etching of the resist materials. The treatment presented follows that given by Engelmann et al. 167 For an oxygen or fluorine containing polymer, the polymer etching rate ER consists of physical sputtering ER PS and ion-enhanced etching ER IE components. For carbon bonded to oxygen or fluorine atoms, this can be written as ER = ER PS + ER IE . ͑5͒
Following Mayer and Barker, [185] [186] [187] Engelmann et al. 167 assumed that the ion-enhanced etching rate ER IE is proportional to the fractional neutral ͑oxygen and fluorine͒ coverage ⌰ given by ⌰ = ͑n O + n F ͒ / n. Here n O and n F are the numbers of surface sites occupied by oxygen and fluorine, respectively, and n corresponds to the total number of surface sites. Engelmann et al. 167 expressed ER IE as
Here v i denotes the volume of substrate material removed per etch inducing ion, Y IE ͑E i ͒ denotes the energy dependent etch yield of the process and ⌫ i denotes the ion flux. The total ER becomes
where Y IEO and Y IEF are the yields for ion-enhanced etching for O and F bonded to the polymer surface, respectively. Engelmann et al. 167 assumed
For the C 4 F 8 / 90%Ar discharges they examined, Ar + dominates the ion flux. They therefore ignored the contribution of ions on the chemical modification of the polymer materials and obtained
͑10͒
Further assuming Y IEO = Y IEF = Y IE , they expressed the measured etching rate ER as
where the etching rate ER 0 corresponds to physical sputtering only. The change in etching yield becomes
͑12͒
If the fluorine surface coverage n F vanishes, then this expression reduces to 1 where the etching yield increases with the fractional surface coverage by oxygen atoms,
͑13͒
This expression corresponds essentially to the Ohnishi model, with the etching yield linearly increasing with oxygen surface coverage. We also would like to point out that this relationship has been reproduced in MD simulations on Ar sputtering of different oxygen-containing polymer structures. 188 In Fig. 8 , a graph from Engelmann et al. 167 is displayed, which shows their measured etching yields for 193 nm PR, Oehrlein, Phaneuf, and Graves: Plasma-polymer interactions: A review of progress in understanding 010801-12 010801- 12 248 nm PR and p-MAMA in either pure Ar or C 4 F 8 / x%Ar etching chemistries versus measured surface coverage ͑n F + n O ͒ / n. The source power was 800 W, the self-bias voltage was fixed at Ϫ100 V, and the pressure was 10 mTorr. ͑n F + n O ͒ / n was determined from x-ray photoelectron spectroscopy measurements of PR materials for steady-state etching conditions, and the data were assumed to provide information on the composition of the surface sites participating in the etch process. Figure 8 shows a line which is the etching yield solely based on physical sputtering where the F surface coverage vanishes ͓Eq. ͑13͔͒. This can be compared with the data obtained for pure Ar processing. For pure Ar processing, the initial oxygen content of the polymer determines the surface composition, and the linear relationship seen in the figure is in agreement with Eq. ͑13͒ and therefore the Ohnishi model. Figure 8 shows that the ER of the PR materials in Ar/ C 4 F 8 plasma cannot be accounted for by simply considering the F coverage of the surfaces. The disagreement should be related to the complex nature of the fluorocarbon modified PR surface layer. Fluorine is transported to the PR surface in the form of FC precursors, which produce an etching-resistant FC layer. The build-up of this layer on the PR surface and the concomitant increase of the fluorine areal density on the PR surface do not directly increase etching yield of the PR material, but instead actually lower etching yield ͑etching yields seen for C 4 F 8 / Ar are all below the line that describes Ar sputter erosion͒. Activation of the deposited fluorocarbon layer by ion bombardment is required before etching of the photoresist layer underneath that will take place for these conditions. 189 While the simple etch model presented captured basic trends in polymer removal, systematic deviations from this model were seen, and the effect of F addition to the polymer surface could not be reproduced. This is explained by the fact that fluorocarbon film formation at the polymer surface actually can suppress PR etching and indicates the importance of additional effects, which need to be incorporated in more comprehensive model of plasma-polymer interactions. The conclusion that must be drawn from the work of Engelmann et al. 167 is that knowledge of the elemental surface coverage of a polymer will not suffice to reproduce trends in etching yield. The complex nature of the reaction layer formed on a resist surface in fluorocarbon plasma and the way how the presence of this layer modifies energy deposition by ions in the polymer surface, and additional effects, e.g., changes in cross-linking behavior, must be explicitly considered in a realistic treatment of polymer etching.
Time dependence of surface roughness and spectral size distribution
Sumiya et al. [171] [172] [173] investigated the time dependence of 193 nm photoresist degradation in C 4 F 8 / 90%Ar discharges, including roughness formation of the 193 nm PR and 248 nm PR materials shown in Figs. 2͑a͒ and 2͑b͒, respectively. They employed a shutter approach to achieve rapidly steady-state plasma condition when processing PR surfaces and used a variety of techniques, including time-resolved ellipsometry, x-ray photoemission spectroscopy, atomic force microscopy, and scanning electron microscopy to characterize temporal evolution of PR etching rates and modified surface layer formation. The surface roughness of the 193 nm PR for different exposure times measured by AFM is shown in Fig. 9 . Scanning electron microscopy images are shown for comparison. The rms roughness increased rapidly at the beginning of the interaction with the plasma, and after a few seconds of plasma exposure time the rate of roughness increase slowed.
The AFM data were further analyzed using fast Fourier transform ͑FFT͒ spectral analysis to characterize the size distribution of the surface roughness features ͑see Fig. 10͒ . The spatial roughness distribution after 0.6 s plasma exposure was peaked at a spatial frequency of 0.019/nm, which corresponds to a characteristic feature size of 52.6 nm. After 3 s plasma processing time, the peak shifted to a spatial frequency of 0.024/nm corresponding to a roughness feature size of 41.7 nm. Subsequently, an increase of the roughness amplitude was observed, whereas the spatial roughness distribution no longer changed appreciably. These data indicate Oehrlein, Phaneuf, and Graves: Plasma-polymer interactions: A review of progress in understanding 010801-13 010801- 13 that polymer rearrangement takes place primarily during the initial etch period ͑of the order ϳ1-3 s͒. During the steadystate etch period, growth of surface roughness appears to be due to vertical etching and can be explained by different ERs of low and high surface features. This causes the amplitude of the spatial roughness distribution to increase with etching time, while the spatial roughness distribution itself remains the same. Sumiya et al. [171] [172] [173] suggested a roughness evolution model where a certain spectral roughness distribution is introduced during the first few seconds of interaction of plasma with the resist polymer and this surface template is transferred during subsequent etching time into the underlying resist material, increasing the roughness amplitude.
From a comparison with the results of the other characterization methods employed, Sumiya et al. 171 were able to identify other events taking place during the transient-and steady-state regimes of plasma-surface interaction with the PR. During the modified layer formation period, selective oxygen removal at ester groups in the polymer side chain occurs and a fluorocarbon film develops on the PR surface. The cleavage of polymer bonds enables polymer rearrangement by bond reformation. This surface modification is reflected in ellipsometric measurements by the formation of a graphiticlike damaged layer. X-ray photoelectron spectroscopy revealed that before a fluorinated surface developed, cleavage at ester groups of the side chain in the polymer and dangling bond formation took place. From a comparison with the time dependence of the AFM surface roughness data, it could be concluded that this corresponds to the period when the characteristic roughness size distribution has developed. After several seconds of plasma exposure of the PR, steady-state etching begins and a fluorocarbon film of roughly constant thickness has developed on the surface. This corresponds to the time period when the spatial distribution of surface roughness changes only little, and primarily the amplitude of the roughness features grow.
Sumiya et al. 171 reported notable differences in the etching behavior of 193 nm PR and 248 nm PR materials during the initial plasma-interaction period. Whereas for 193 nm PR, etching was observed immediately and the material exhibited large surface roughness introduction, fluorocarbon film deposition took place initially on the 248 nm PR material and little surface roughness was introduced. XPS measurements showed that when comparing fluorine and oxygen content of the surface layers for the two PR materials, the fluorine content was more important for 248 nm PR than for 193 nm PR. 171 For 193 nm PR, oxygen in the side groups enhanced the etching rate initially, and the resulting weakening of the polymer structure was assumed to be connected with the rapid surface roughness formation observed for that time period. The loss of carbon-oxygen groups can take place at significant polymer depth ͑ϳ100 nm͒ due to irradiation of the 193 nm PR surface with energetic UV photons. This will be discussed below.
Relationship of roughening rate to deposited energy density
Engelmann et al. 166 ,167 compared etching rates and surface roughness data obtained with 248 nm PR ͑aromatic͒, 193 nm PR ͑adamantyl+ lactone͒, and p-MAMA ͑adamantyl͒ for exposure to C 4 F 8 / Ar and CF 4 / Ar discharges produced using significant variations of the process parameters. They studied the influence of source power, which primarily influences plasma density and degree of molecular dissociation, bias power, which controls ion energy distribution and maximum ion energy, and pressure, which strongly changes the ion/neutral ratio of the discharge. They found that etch rates and surface roughness data for all processed samples correlated with the energy density ͑eV/ nm 3 ͒ deposited by the plasma at the polymer surface during the etching process.
The motivation why may relate to polymer damage and surface roughness is as follows ͑see Fig. 11 from Ref. 166͒: Ion bombardment of the PR surface subjects the PR material during processing to an energy flux. For ion-assisted etching, a PR volume element v i at the surface receives a characteristic mean energy E before it is volatilized. If the etch yield EY during processing differs strongly for two process condi-
tions, the polymer material will be subjected to different energy densities for the two situations. In Fig. 11 , the etching yield EY 1 is assumed to be higher than EY 2 measured for a different situation. The time interval ⌬t during which the volume element v i receives the energy input is short and a small energy density 1 is deposited at the PR surface during steady-state etching. The second situation characterized by a lower etching yield EY 2 will require the deposition of a higher energy density 2 to the surface to volatilize the volume element v i . It is assumed that the higher energy density 2 deposited into the polymer surface will induce more damage in the polymer structure than a lower energy density 1 . The energy dissipated in the near-surface polymer region can structurally and chemically modify the photoresist polymers. For instance, ion bombardment produces a graphitic region at the polymer surface for plasma operating conditions for which the etching yield is low ͑e.g., Ar͒. Engelmann et al. 166 assumed that if polymer damage due to energy transfer from the plasma was responsible for the formation of characteristic surface roughness features, then roughness introduction should correlate with . The roughness features, once established, could serve as surface templates for ion-based transfer during etching and vertical evolution of roughness. 166 The characteristic energy density deposited during processing in the polymer was obtained by Engelmann et al. 166 from their measurements using the following considerations ͑the treatment presented is taken from their work͒. The energy E carried by ions to a surface element a during time ⌬t is E = P a a⌬t, ͑14͒
with P a the power density ͑energy per unit area͒ deposited at the polymer surface. Using the measured ion flux ⌫ i and the average ion energy E i incident on the substrate, this can be rewritten as
Engelmann et al. 166 defined the etching yield EY,
with N i and N s the number densities ͑atoms/unit area͒ of incident ions and sputtered substrate atoms during a time interval under steady-state etching conditions, respectively. Using the volume of substrate material v i removed per etchinducing ion, the ion induced etching rate ER can be written as
If a layer with thickness d is etched during a time interval ⌬t, this yields
The time interval ⌬t is given by
The energy E deposited in the volume ad while etching a layer of thickness d is
This yields the energy deposited per unit volume
Engelmann et al. 166 observed universal relationships for particular polymer structures m when the roughening rate ͑RR m ͒-defined as surface roughness ͑SR m ͒ introduced per depth of polymer material m etched-was plotted versus the energy density present at the polymer surface during plasma etching ͑see Fig. 12͒ . E i was determined from the measurement of the self-bias voltage V dc by adding the plasma potential V p ͑ϳ20 V͒. The etching yields EY were obtained from measurements of etch rate and ion flux. Engelmann et al. 166 used the roughening rate RR m instead of rms surface roughness to represent the tendency of a material to roughen. The reason is that during steady-state etching of PR materials, existing surface roughness can be amplified by an ion induced transfer mechanism where locally nonuniform removal rates lead to enhanced surface roughness. For longer process times, a large contribution to the rms surface roughness originates from this mechanism and may make it more difficult to detect the influence of polymer structure. By normalizing the rms surface roughness ͑absolute surface roughness SR m ͒ to the removed thickness for a specific polymer material m, the roughening rate is obtained:
Using RR m , contributions of the ion based transfer mechanism can be minimized. Nevertheless, we point out that while for a direct transfer mechanism a linear increase of the rms roughness with time is expected, as has been observed, 190 we will discuss later for P␣MS that the rms roughness increases approximately as the square root of time.
The dependence of the roughening rates RR m of the materials on energy density for C 4 F 8 / Ar discharges is shown in Fig. 12 reproduced from Ref. 166 . For a specific polymer structure m, the roughening rate increases linearly with the energy density ͑eV/ nm 3 ͒ deposited by the ions at the surface during processing, independent of the particular set of plasma-process parameters that was used for a particular experiment. Consistent with the important role of adamantyl groups for surface roughness formation, higher RR m were observed for p-MAMA and 193 nm PR than for 248 nm PR. Engelmann et al. 166 expressed the roughening rate RR m as a function of the energy density ,
where C m is a proportionality constant that reflects the molecular structure of the polymer and provides a measure of how effectively deposited energy in a plasma environment is converted into surface roughness. Linear fitting of the data of Fig. 12 yielded values of C m for the adamantyl polymers of 3.6ϫ 10 −6 nm 3 / eV and for aromatic polymers of 7.9 ϫ 10 −7 nm 3 / eV. The characteristic roughening constant C m was not further interpreted, 166 but relates to how strongly a given polymer material responds to specific plasma environments. It is likely that the much larger roughening constant C m seen for adamantyl polymers than for aromatic polymers reflects to a significant extent the key difference in how these materials can be modified by energetic photon irradiation in the plasma environment.
Addition of lactone groups to the adamantyl structure in a 193 nm PR increases the polymer removal rate, but left RR m at given energy density unaffected. The high oxygen content of 193 nm PR leads to high etch yields and prevents the 193 nm PR material from being exposed to high energy densities during processing. The measured roughening rates RR m for 193 nm PR are small, but still consistent with the fragility of the underlying adamantyl structure ͑p-MAMA͒. For a vertical template transfer process, the surface roughness measured will depend on the actual amount of material removed and absolute rms surface roughness SR m is given by
The high surface roughness values seen for 193 nm PR can be explained by a high removal rate in conjunction with large C m values characteristic of the adamantyl structure. Absolute roughness values for 248 nm PR are significantly lower both due to a lower roughening constant C m and very low polymer removal rates. Very high RR m values are seen for p-MAMA.
In the data of Engelmann et al., 166 there is no evidence that the roughening rates saturate at higher energy densities. Additional tests of this model, including a situation where the etch yield was significantly increased due to fluorination of the PR material, 167 showed reduced RR m , which was consistent with the lower energy density .
As already alluded to, the key factor that likely explains the significant difference in the values of the roughening constant C m for aromatic and adamantyl polymers are their strongly differing responses to VUV irradiation. As will be discussed next, VUV exposure in the plasma environment has been shown to modify the adamantyl-based 193 nm materials much more significantly than the aromatic 248 nm related polymers.
Role of energetic photons
Discharges used for plasma etching expose the polymer materials to energetic photons. 14, 15, 124, 125 For instance, Woodworth et al. 191 measured absolute intensities of ultraviolet light between ϳ250 to 50 nm wavelength ͑correspond-ing to photon energies of 4.9-24 eV, respectively͒ for an inductively coupled plasma system. They operated their ICP system using various reactive gases, including fluorocarbon/ Ar mixtures discussed here. The emission wavelengths of species identified in their work is reproduced in Table II,   191 and serves as a reference to understand results to be discussed next. Argon plasma emits radiation in the VUV range. Table II shows that two Ar I ͑neutral Ar͒ resonance lines at 104.8 and 106.7 nm are characteristic VUV emission features of Ar plasma. For fluorocarbon containing discharges, Woodworth et al. 191 observed emission in the VUV range due to F ͑79.2 and 80.8 nm͒, along with several C emission lines between ϳ126 and 193 nm, and FC-related ͑fluorocar-bon͒ emission lines between ϳ198 and 214 nm. Although the VUV photon fluxes of the ICP reactors used for the plasma-polymer interaction studies reviewed here have not been characterized, they are expected to be similar to those found in the work of Woodworth et al., 191 in particular, since similar process conditions were used. What is the role of VUV photons in roughening ͑or smoothing͒ organic masking materials? Hydrocarbon materials absorb only specific radiation wavelengths in the UV spectral range. 15 Wavelengths corresponding to typical dissociation energies of chemical bonds in polymers are 336 nm for C u C, 286-357 nm for C u O, and 249-336 nm for O u H which can be excited by photons in the visible/UV part of the spectrum. 192, 193 Hydrocarbon polymers absorb radiation in the VUV spectrum with absorption coefficients ␣ several orders of magnitude greater than in the UV region. This kind of energetic radiation produces electronic excitation that is molecular site specific, followed by scission or cross-linking reactions. The penetration depth d is obtained from the Beer-Lambert law, which relates the absorption of light to the properties of the material light passes through. Since the penetration depth falls off exponentially with the absorption coefficient, VUV photons are absorbed in the near-surface region ͓the depth is highly polymer dependent, e.g., ϳ100 nm from the surface of methacrylate polymers, but at smaller depth ͑ϳ40 nm͒ for PS material, see Refs.
192 and 193͔, while UV and visible radiation will penetrate more deeply. 15 As a result of VUV photon penetration, selected bond scission processes will take place. These can lead to the removal of polymer species by production of volatile gaseous products that can be studied by mass spectrometry. 194 For the 193 nm PR materials discussed, the strong VUV absorbance of C v O at wavelengths of 160 and 185 nm is of principal importance in explaining the modifications in these materials. 17 Weilnboeck et al. 17 studied the interaction of radiation produced by Ar and C 4 F 8 / Ar discharges with 193 and 248 nm PR materials. Different optical filters were used to vary the radiation exposure wavelength range in the ultraviolet and VUV parts of the plasma emission spectrum. The cut-off wavelengths were ϳ300 nm for a glass filter, ϳ140 nm for a sapphire filter, and ϳ112 nm for a MgF 2 filter. 195 After photon irradiation of the PR materials through optical filters, chemical changes of polymer composition at the film surface and in the material bulk were determined by x-ray photoelectron spectroscopy and FTIR spectroscopy. Morphological changes, film thickness reduction, and changes in surface and pattern morphology were characterized by ellipsometry, scanning electron microscopy, and atomic force microscopy. Weilnboeck et al. 17 observed that UV/VUV radiation accompanying plasma exposure of photoresist films can significantly modify the near-surface chemistry of the polymer materials shown in Fig. 2 . In particular, loss of oxygen related groups near the material surface and the bulk of 193 nm PR related materials was seen, e.g., C v O, and led to a thickness reduction of the PR films. The degree of PR modification is highly dependent on the polymer structure of the photoresist and the wavelength range of the radiation exposure. For 193 nm PR materials, the degree of modification increased with the photon energy while for 248 nm PR almost no material modification was seen in the work of Weilnboeck et al.
17 Figure 13 shows the results of real-time ellipsometric measurement of radiation induced material modification of 193 nm PR in Ar plasma for different radiation wavelength spectral ranges selected using optical filters between the plasma and 193 nm PR material ͑from Ref. 195͒. The thickness reduction is due to the loss of volatile species produced by photolysis, along with the formation of an optically denser material in the surface region of the 193 nm PR film modified by UV/VUV photons. The corresponding thickness losses of the PR layers after a given exposure time were found by optical multilayer modeling. The radiation induced modification depends strongly on wavelength range, i.e., the energy of the photons passed by the glass, sapphire, and MgF 2 filters, respectively.
Exposure of methacrylate based 193nm PR to photon radiation in the UV/VUV spectral range ͑ = 112-143 nm͒ leads to detachment and removal of oxygen-containing polymer pendant groups to a depth of about 100 nm. This causes changes in the polymer structure, including chain scission, and explains the significant film thickness reduction seen. Chain scission reactions and residual detached polymer pendant groups are expected to soften layers of 193 nm PR. In contrast to 193 nm PR, styrene-based 248 nm PR materials were found to be significantly more stable under plasmaproduced irradiation. Small thickness reduction, reduced oxygen loss, and cross-linking were observed in the surface region of the 248 nm PR. This can be explained by the high . The data were obtained by real-time ellipsometry for different radiation wavelength ranges selected by using optical filters between the plasma and 193 nm PR material. The thickness reduction is due to radiation induced evolution of specific groups ͑e.g., adamantyl and C v O͒ at wavelength dependent depths of the polymer, along with densification of the modified polymer depth. Irradiation with visible radiation ͑glass filter͒ results in a thickness reduction of about 1.5 nm. Irradiation with more energetic photons ͑alumina and MgF 2 filters͒ reduces PR film thickness to a greater photon energy dependent extent. The thickness changes saturate for extended exposures to the plasma.
Oehrlein, Phaneuf, and Graves: Plasma-polymer interactions: A review of progress in understanding 010801-17 010801-17 stability of the aromatic ring, the low oxygen content of 248 nm PR polymer, low ester linkage concentration, and the absence of lactone. Surfaces of materials only exposed to photons of Ar plasma remained smooth as determined using AFM. The modified materials were also studied using x-ray photoemission spectroscopy and FTIR. Weilnboeck et al. 17 found that for their Ar plasma conditions, 80% of the C v O intensity was lost when the 193 nm PR film had been exposed to plasma for 5 min. Exposure to the visible spectral range produced little C v O loss, indicating that the visible photon energies were smaller than the dissociation energy of C v O. As the C v O density decreased, the C u C content of the near-surface region of the PR increased. In Fig. 14 , the observed losses ͑in the material bulk͒ of spectral features seen in FTIR studies are plotted against the thickness reduction of the PR films measured by ellipsometry. 17 The loss of C v O from the lactone group and COC vary relatively strongly with the thickness reduction of the PR material, whereas C v O of the ester group changes much less. Figure 13 also shows that for 248 nm PR material little change in film thickness or of spectral features in the FTIR measurements are seen. A summary of some of the changes seen in their work is presented in Table III . 17 Additional FTIR characterization results of the 193 nm PR related materials after VUV exposure in a vacuum beam system will be described below. Radiation-induced modifications of both PR materials decreased when filters cutting off at higher photon wavelengths were used with Ar discharges. While Ar discharges strongly emit at 104.8 and 106.7 nm, 90%Ar/ C 4 F 8 discharges exhibit increased emission in the VUV spectral range above 130 nm. This plasma radiation is still energetic enough to dissociate bonds in polymer materials. Since the UV/VUV penetration depth of photons increases with greater wavelength ͑lower energy͒, material modifications to larger depths are expected as compared to Ar. For these conditions, increased film thickness reduction of PR materials was seen as compared to changes caused by exposure to Ar discharges. For C 4 F 8 / Ar plasma, Weilnboeck et al. 17 observed strongly increased loss of oxygen at the film surface, C u O u C and C v O lactone absorption in the material bulk along with film thickness reduction as compared to changes seen for pure Ar discharges.
Are line edge roughness and surface roughness correlated?
Engelmann et al. [166] [167] [168] compared surface roughness introduced in blanket photoresist films or on top of PR lines with the sidewall roughness introduced in plasma etched PR nanostructures. In Fig. 15 measured LER values are plotted versus rms surface roughness for patterned 193nm PR after C 4 F 8 / Ar plasma etch using different inductive power levels. 168 The observation of a direct relationship between surface roughness and line edge roughness of structures was Changes observed for exposure using the glass filter are significantly smaller than for exposure using the MgF 2 filter. The 248 nm PR shows high structural stability and only small thickness changes. consistently seen, and is in agreement with the template transfer mechanism indicated by the SEM images displayed in Fig. 4 or the AFM data of Fig. 5 . For experiments where other process parameters were varied, a similar correlation between SR and LER was observed. Processing of 193 nm, 248 nm PR, and p-MAMA in CF 4 based discharges produced a much lower level of surface roughness. 167 This was especially pronounced for CF 4 / H 2 / Ar gas mixtures, possibly indicative of a role of H and F at the surface in saturating dangling carbon bonds and preventing carbon-induced cross-linking. The roughness evolution for experiments where the rf bias was varied showed a weaker correlation between surface roughness and sidewall characteristics. 166, 167 This was explained by ion-induced transfer resulting in longer sidewall striations, whereas this interaction does not impact greatly the LWR/LER values near the top of the sidewall.
B. Results obtained with simple model polymers
Several studies by Bruce et al. 9, 178, 196 using simpler model polymers have clarified polymer degradation mechanisms in the plasma environment. Styrene-based model polymers were used in that work and are shown in Fig. 16 . The rationale for the study of these materials is as follows: While PS and poly-4-methylstyrene ͑P4MS͒ are expected to behave fairly similar in the plasma environment, poly-␣-methylstyrene ͑P␣ MS͒ is expected to behave differently from the former. 197 Prior studies have shown that polymers such as PS and P4MS with hydrogen bonded opposite the side group on the carbon backbone ͑called ␣-H͒ are prone to cross-linking reactions, whereas polymers with a methyl group bonded in that position, e.g., ͑P␣ MS͒ ͑␣-methyl͒, show main chain scission reactions. 198 The final material shown in Fig. 16 is poly-4-vinylpyridine ͑P4VP͒, which served to explore the impact of nitrogen bonding in a hydrocarbon polymer.
Bruce et al. 178 studied Ar plasma interactions with the styrene-based polymers shown in Fig. 16 . Low energy ions caused material removal by physical sputtering at the polymer surfaces. High energy ion bombardment was found to create additionally an amorphous carbonlike damage layer, with a thickness that was determined by the ion penetration depth. The kinetics of formation of this damaged layer could be characterized by ellipsometry in-real-time. A representative result is shown in Fig. 17 for the case of P4MS.
178 Figure 17͑a͒ shows the measured data and simulated curves, and Fig. 17͑b͒ shows the optical models of the P4MS surfaces used to interpret the data. To interpret the ellipsometric data, Bruce et al. 178 used the relationship between refractive index and extinction coefficient obtained for amorphous hydrogenated carbon. 199, 200 An optical model that can reproduce the observed ellipsometric behavior during steady-state etching was a two layer model with a damaged layer of constant thickness created by ion bombardment on top of an unmodified P4MS layer with a thickness that decreased during plasma exposure ͓see Fig.  17͑b͔͒ . This optical model reproduced the experimental ⌿-⌬ trajectory using 1.58 nm as the constant damage layer thickness ͑obtained from molecular dynamics simulations 179 ͒ and varying the refractive index and extinction coefficient of the damaged layer. Bruce et al. 178 assumed that the damaged layer had similar properties to amorphous carbon so that the fit between the optical model and experimental data required varying only one independent variable. It can be seen that with a complex refractive index n-ik = 2.39-0.4i, the simulated trajectory fits the measured ⌿-⌬ trajectory.
Using the relationship between optical properties, hydrogen content and atomic density of the amorphous a-C:H layers established in the referenced work, 200 Bruce et al. 178 were able to determine the hydrogen content and atomic density of the damaged layer seen in the ellipsometric measurements. For a refractive index n-ik = 2.39-0.4i, the hydrogen content is 15.8%H and density is 2.41 g / cm 3 . These values are in agreement with the values of 9.9%H and 2.41 g / cm 3 obtained for the steady-state dehydrogenated layer in MD simulations of Ar ion bombardment of PS. 179 Additionally, Ar discharges were generated using 300 W source power, 10 mTorr pressure, 40 SCCM gas flow, Ϫ100 V self-bias, and 5 min plasma exposure time.
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the ellipsometric analysis showed a strong decrease in sputter yield at the beginning of the etch cycle. The reason is that the ion-damaged, hydrogen-deficient layer on top of the undamaged polymer has a significantly reduced plasma etch rate. The steady-state sputter yield of ϳ0.03 C / Ar + seen for the plasma experiments is close to the result of the MD simulations to be described below.
In general, the characteristics of damage layer formation introduced by energetic ͑ϳ100 eV͒ Ar ion bombardment at a substrate temperature of 10°C was very similar for the four polymer materials shown in Fig. 16 and exhibited little dependence on polymer structure.
Important differences in the plasma-surface interactions were established for P4MS and P␣MS polymers due to dissimilar responses to UV/VUV radiation ͑see Fig. 18͒ . Bruce et al. 178 observed that in addition to the modifications caused by low energy ions, VUV radiation caused bulk depolymerization reactions that were highly polymer structure specific and temperature dependent. Under conditions of negligible ion bombardment, the formation of the graphitic damaged layer shown in Fig. 17 is minimal. Instead, real-time ⌿-⌬ plots of P4MS and P␣MS exposed to Ar discharges show a major difference ͑see Fig. 18͒ , which is explained by the fact that P␣MS is strongly modified to a depth of at least 30 nm by VUV. This VUV-induced reaction is not seen for P4MS.
An important conclusion of the work Bruce et al. 178 is that even though the PS, P4MS, and P␣MS polymers have similar structure, they can show significantly different plasma etch behavior. For plasma-process conditions of very low energy Ar + ion bombardment, P4MS showed negligible changes in physical properties besides a slow etch rate ͓see curve ͑i͒ in Fig. 18͔ . The etch rate remained constant even as the temperature was raised past the glass transition temperature of P4MS. In contrast, P␣MS showed highly variable behavior, depending on conditions. Near room temperature, the etch rate was similar to P4MS but the optical properties showed a densification at the surface ͓see Fig. 18 , curves ͑ii͒ and ͑iii͔͒. As the temperature increased, the etch rate increased greatly. Bruce et al. 178 showed that VUV radiation caused densification at low temperature and high material loss at elevated temperature. The relationship of the substrate temperature during plasma exposure relative to the ceiling temperature of P␣MS was of utmost importance and determined what mechanism of degradation occurred.
During formation of a polymer, the ceiling temperature is the temperature at which the rates of polymerization and depolymerization are equal. Below the ceiling temperature, the rate of polymerization is much higher than the rate of depolymerization and the monomers will be converted to polymer. Above the ceiling temperature, the rate of depolymerization is higher and the monomers will not polymerize. Bruce et al. 178 discussed that even though polymers once produced may be heated above the ceiling temperature without consequence in an inert environment, in an environment subjecting the polymer to ionizing radiation, depolymerization will occur until the monomer concentration increases to equilibrium at that temperature. 201 Bruce et al. 178 compared the low ceiling temperature ͑66°C͒ for converting ␣-methylstyrene monomers into P␣MS with that of P4MS ͑395°C͒. 202 Because of its low ceiling temperature, P␣MS can be easily exposed to the plasma environment at a substrate temperature that is comparable to or greater than its ceiling temperature. In that case, P␣MS will rapidly depolymerize since the VUV-induced scission reactions cannot be reversed. This is most likely the mechanism that occurs for P␣MS during plasma exposure when the material is heated to 100°C, as done by Bruce et al. 178 If the plasma exposure takes place at a temperature below the ceiling temperature of P␣MS, the scission products repolymerize randomly and create a dense, cross-linked near-surface region. Nest et al. 203 also studied the importance of ceiling temperature for P␣MS during exposure to VUV radiation and ion beams in an UHV system, and found results that were consistent with those obtained by Bruce et al. 178 for the plasma environment.
Model of initial surface roughness development
Bruce et al. 9 examined the question: Are the introduction of nanoscale surface roughness and the formation of the plasma-induced dense damage layer related? In order to answer this question, they had to deduce additional properties of the thin modified layer formed at polymer surfaces by ion bombardment during plasma processing. Overall the results suggest that the properties of this layer are consistent with it playing a critical role in the evolution of polymer surface morphology in the plasma environment. In particular, Bruce et al. 9 observed a relationship that suggests that buckling caused by formation of the ion-damaged layer on a polymer thin film may play a key role in initiating surface roughness during plasma processing.
Plasma-induced buckling is schematically shown in Fig.  19 , taken from the work Bruce et al., and the following is a summary of this work. 9 In the small deformation limit of buckling theory, the wavelength and amplitude A of wrinkles formed by buckling are linearly proportional to the thickness h of the stiff overlayer. 204 Therefore, if it is possible to measure values of the modified layer thickness h and deduce the elastic modulus E f of the modified layer for different process conditions, e.g., variation in ion energy, the wrinkle wavelength , and amplitude A may be calculated. The results for wavelength and amplitude A can then be compared with the dominant measured values of wavelength and amplitude of the plasma-induced surface roughness obtained by atomic force microscopy.
Bruce et al. 9 measured and calculated the ion-modified layer thickness h by XPS analysis and MD simulation, respectively. For XPS analysis, the variation of the intensity of the -‫ء‬ shake-up peak at 291.3 eV, which is unique to the aromatic ring structure of PS, 205 was employed. It was assumed that the aromatic ring structure of PS was destroyed in the ion-damaged layer. 206 The attenuation of the -‫ء‬ shake-up peak from the undamaged PS underlayer by the damaged overlayer can then be used to obtain h. For maximum ion energies of 50-150 eV, h values ranged from 1.1 to 2 nm, in good agreement with the values found by MD simulations. 9 The modified layer is treated as amorphous carbon 178, 179, 207 for which the relationship between the complex refractive index n-ik and density is known. 199 Bruce et al. 9 assumed that the significant increase in atomic density of the modified layer produced by ion bombardment relative to PS polymer without ion bombardment-by roughly a factor of 2-creates a compressive stress in-plane at the surface of the polymer film. The elastic modulus of the modified layer, E f , can also be established using literature values. 208 In the work of Bruce et al., 9 E f ranged from 271 to 549 GPa as the maximum ion energy was increased from 50 to 150 eV.
For a thin, stiff film on a much thicker, softer film, a compressive stress applied in-plane to the stiff film above a critical value, c , will create a buckling instability, causing the bilayer structure to wrinkle. 9 If both layers are treated as elastic, c is given by
where E and is the elastic modulus and Poisson ratio, while subscripts f and s denote the stiff overlayer and the soft underlayer, respectively. 209 Bruce et al. 9 used the condition that for all modified layers, the Poisson ratio is 0.30.
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Known properties of PS at 40°C gave values for E s and s of 2.87 GPa and 0.33, respectively. 211 Using this information, c was calculated for different conditions. The values of c range from Ϫ7.6 to Ϫ9.6 GPa as the maximum ion energy is increased from 50 to 150 eV, whereas varied from Ϫ15.5 to Ϫ17.3 GPa. This showed that is always greater than c . Therefore, the stress produced by the formation of the modified layer is large enough to cause a relaxation by buckling. Bruce et al. 9 then compared the surface morphology measured by AFM on the roughened PS surface with predictions of the wavelength and amplitude A given by buckling theory ͑see Fig. 20͒ . An elastic bilayer structure that undergoes a buckling instability will wrinkle at an equilibrium wavelength, , and amplitude, A, that minimizes the elastic energy of both films ͑see Fig. 19͒ . In the small deformation limit, the equilibrium wavelength of buckling 209 is
and, in the same limit, the amplitude of the buckling instability is
. ͑27͒
In Fig. 20͑a͒ , 500ϫ 500 nm 2 atomic force microscopy images of PS after four different plasma exposures are displayed. The Ar plasma operating conditions were 300W inductive plasma source power ͑13.56 MHz͒, variable ͑up to 150 W͒ 3.7 MHz rf bias power to establish self-bias voltages corresponding to the maximum ion energies quoted ͑the plasma potential of ϳ25 V was added to the substrate bias voltage͒, and a pressure of 10 mTorr. The substrate temperature of ϳ10°C, and the thickness removed were the same ͑ϳ20 nm͒ for the various conditions. A coarser structure of the PS surfaces treated a high ion energies is apparent in the images shown in Fig. 20͑a͒ . Figure 20͑b͒ displays a comparison of calculated values of using Eq. ͑26͒ with experimental values obtained by determining the peak values in the FFT spectra of the AFM images shown in Fig. 20͑a͒. Figure 20͑b͒ shows very good agreement of calculated and experimentally measured values of . The comparison of calculated and experimental values of A is shown in Fig. 20͑c͒ . Experimental values were obtained by measuring the rms roughness from the AFM images and subtracting the initial rms roughness of the unexposed polymer film ͑0.3 nm͒. Figure 20͑c͒ shows that the experimental values of A are comparable to the calculated values, although they vary more slowly with ion energy. Bruce et al. 9 discussed a number of possible reasons for the lack of better agreement of measured data and calculated values of A, including the fact that etching of the underlying polymer materials takes place for the experiments but is ignored in the calculation of buckling amplitude A.
Additionally, Bruce et al. 9 performed experiments above the glass transition temperature T g of plasma etched PS. For these experiments, polymers were plasma treated and then heated above T g . Heating above T g reduced the elastic modulus E s of PS by four orders of magnitude, and lead to a major increase of wrinkle wavelength and amplitude. Again, good agreement between calculated values and measured values of and A was seen. For instance, when heating PS to 170°C, the calculated ϳ30ϫ increase in relative to the 40°C case was confirmed experimentally.
We note that the characteristic roughness scale seen for 193 nm PR processed at a maximum ion energy of ϳ100 eV in C 4 F 8 / 90% Ar plasma shown in Fig. 9 of ϳ40 nm is comparable to the wavelength seen in Fig. 20 at the same ion energy, possibly indicative of a related mechanistic origin of the initiation of surface roughness formation for 193 nm PR. This characteristic scale of surface roughness is large relative to the size of polymer molecules, which indicates that a simple localized origin of surface roughness induced by atomistic changes inside the macromolecules is an unlikely explanation.
We conclude that the compelling observation that and A obtained from measured surface roughness data were comparable to values derived from elastic buckling theory in the small displacement limit both below and above the glass transition temperature T g of PS are strongly suggestive of a mechanical stress origin of plasma-induced surface roughness.
The buckling instability depends on the large difference in the elastic moduli of the damaged layer and underlying polymer. One might wonder if such a difference will be large enough to drive roughening whenever a stiff damaged layer is formed? A comparison of surface roughening behavior of three model polymers shown in Fig. 16 has clarified on how the plasma-induced surface morphological changes vary with molecular structure. Figure 21͑a͒ shows the AFM scanned images of PS, P␣MS, and poly ͑4-vinylpyridine͒ ͑P4VP͒ after 60 s exposure to 100% Ar and C 4 F 8 / 90% Ar inductively coupled plasma. 212 Both types of gas discharges were operated at 10 mTorr pressure, and the rf bias power was selected to produce Ϫ100 V substrate bias in each case. For both Ar and C 4 F 8 / 90%Ar, much less surface roughness introduction is seen for P4VP than for PS and P␣MS. Additionally, less surface roughness is seen for PS and P␣MS after processing using Ar as compared to C 4 F 8 / 90%Ar.
In Fig. 21͑b͒ , the time evolution of surface roughness is shown as a function of plasma exposure time or polymer film thickness removed. 212 The conditions were C 4 F 8 / Ar discharges produced in an ICP reactor, 800 W source power, self-bias voltage of Ϫ100 V, all 13.56 MHz, 10 mTorr, and a total gas flow rate of 50 SCCM. Prior to plasma exposure all films were smooth. P4VP films remained smooth, even after the removal of nearly 100 nm of material. Bruce et al. 212 proposed a possible explanation for the absence of surface roughness for P4VP under plasma etching conditions that produced significant roughness in PS and P␣MS. The explanation is based on the buckling model shown in Fig. 19 , and considers consequences of the interaction of VUV radiation with the polymers ͑see Fig. 22͒ . Bruce et al. 212 observed that VUV radiation caused cross-linking and densification below the ion-damaged layer in P4VP ͑the evidence for this was observed in a change of the nitrogen bonding environment͒, whereas for P␣MS chain scissioning was seen. For PS, only minor changes were induced by plasma VUV radiation. The reduction in surface roughening for P4VP can be explained by the fact that for P4VP, the buckling instability that causes plasma-induced roughness may be prevented by VUVinduced cross-linking. The latter increases the elastic modulus of the polymer region directly below the ion-damaged layer ͓see Fig. 22͑c͔͒ . For P␣MS, VUV-induced main-chain scission reactions will weaken the region underneath the iondamaged layer and can increase buckling relaxation and surface roughness. This effect may be enhanced by production of gaseous products that may be trapped in the subsurface region of the polymer and enhance local stress. Overall, the work of Bruce et al. 9, 212 indicates that when using polymers as resists, considerations of changes in the mechanical properties between the ion/neutral-modified surface modified layer, deeper lying, primarily VUV modified regions, and the polymer bulk may be of fundamental importance for maintaining smooth surfaces during plasma etching.
C. Vacuum beam experiments
One disadvantage of conducting experiments in a plasma environment is the difficulty in measuring and independently controlling the species that impact the surface. To better understand the ways each of the plasma-generated species alters the PR surface, we also conducted in this collaboration experiments in a vacuum chamber with external sources of ions, VUV radiation, and electrons. For the results we report here, only ions and VUV photon effects are included. The vacuum beam system has been described in detail previously. 213 A base pressure of 5 ϫ 10 −8 Torr is maintained in a stainless steel vacuum vessel. A 1 cm 2 piece of PRcoated Si, mounted on a temperature-controlled stage, is introduced into the chamber through a load lock on a transfer arm. Two sources of VUV radiation were used. The first is an Oxford Applied Research ICP ͑HD25͒, which is used with argon. This source is bounded on one end by an aperture plate with 276 0.2 mm diameter holes through which plasma species exit first into a differentially pumped region, followed by the main vacuum chamber. Charged species are deflected by electrodes at the exit of the source. A separate set of analogous experiments was conducted using a calibrated Xe line source lamp with similar results. The results presented here are from the original ICP source.
Argon ions are generated in a Kaufman ion gun ͑Com-monwealth Scientific͒ and accelerated to 150 eV. The sample is rotated such that all experiments involving ions result in normal incidence bombardment. An ion current of 2.8 ϫ 10
14 ions/ cm 2 s ͑Ϯ10%͒ is used in these experiments, resulting in an ion fluence of 1.0ϫ 10 18 ions cm −2 in 1 h. This current is measured using a Faraday cup, which is translated into the sample position. To prevent sample charging during all ion beam exposures, the chamber includes a filament, which emits low energy electrons when heated, resulting in complete surface neutralization of any accumulated positive charge from the ion gun exposure.
The PR materials studied here were the 193 nm ͑ϳ250 nm thickness, T g ϳ 180°C͒ shown in Fig. 2͑a͒ and the 248 nm PR ͑ϳ400 nm thickness, T g ϳ 100°C͒ displayed in Fig. 2͑b͒ , both spin coated onto Si wafers.
In the beam system, experiments were conducted with ͑i͒ only ions impacting the substrate, ͑ii͒ only photons, or ͑iii͒ ions plus photons, with each exposure conducted at different temperatures between 50 and 100°C. The effects of the various exposure protocols on the photoresist samples were characterized ex situ using FTIR ͑Digilab FTS-3000͒, atomic force microscopy, and scanning electron microscopy. Figure 23 shows evidence for chemical modifications of 193 nm PR in the vacuum beam experiment, as measured using ex situ FTIR, with normal incidence UV/VUV-only ͑50°C͒ exposure as a function of exposure time. Ion bombardment had no significant effect on the FTIR spectra, but at 100°C, some evidence of thermal degradation in the form of preferential adamantyl group loss was observed, although much less than the effects of UV/VUV exposure. dropping approximately 30% during this time ͓see Fig.  23͑b͔͒ . VUV photons will promote chemical modification of oxygen-containing polymers. VUV scissions carbon-oxygen bonds associated with wavelengths greater than 160 nm and breaks carbon-carbon bonds with wavelengths less than 160 nm. The photolysis reactions are each followed by possible secondary reactions. 14, 214 The observed 30% drop in intensity of various carbon-oxygen bonds in the 250 nm thick 193 nm PR films corresponds to VUV photon-induced bond destruction to a depth of ϳ100 nm, which is consistent with calculated penetration depths for a variety of polymers in this spectral range.
14 In contrast, the strong FTIR peaks associated with uCH 3 and uCH 2 u stretching ͓see Fig. 2͑d͒ , 2800-3100 cm −1 ͔ show little change after UV/VUV exposure. UV/VUV-only exposure of 248 nm PR resulted in few chemical modifications as seen by transmission FTIR ͑not shown͒, probably due to the relatively low oxygen content of 248 nm PR polymers and efficient energy transfer of its styrene-containing species.
It is known that rare gas ion bombardment of polymers results in a modified near-surface layer, including a dramatic drop in polymer sputter yield, chemical modification of the near-surface region, and change in composition of etched species as a function of ion fluence.
178,215-217 XPS measurements of argon plasma and argon ion bombarded polymer surfaces suggest that the surface becomes highly cross-linked. 178, 218 Molecular dynamics simulations, described below, support this interpretation.
Figs. 24͑a͒-24͑d͒ are 1 ϫ 1 m 2 AFM surface roughness images with corresponding line plots after 4.0 ϫ 10 17 Ar + ions/ cm 2 ͑150 eV; normal incidence͒ exposure of 193 nm PR over a range of substrate temperatures ͑50-100°C͒. An ion fluence of 4.0ϫ 10 17 ions/ cm 2 is more than sufficient to form the above-noted cross-linked surface layer. The depth of this modified layer is expected to be on the order of a few nanometers in depth, the approximate ion penetration depth of 150 eV ions on the modified surface layer, based on MD simulations, also described in greater detail below. 179, 219 Initial surface roughness of the PR after spin coating is ϳ0.3 nm rms and heating alone at 100°C for 40 min has no effect on surface roughness. Figures  24͑a͒-24͑c͒ show "pebbling" of the PR surface, with a surface roughness of ϳ0.9 nm rms. When the substrate is heated to 100°C and is ion bombarded, the surface roughness increases to 2.6 nm rms ͓Fig. 24͑d͔͒. Identical experiments on 248 nm PR resulted in minimal surface roughness.
Figures 24͑e͒-24͑h͒ show the AFM images of surfaces resulting from simultaneous UV/VUV exposure and ion bombardment of 193 nm PR over the same range of substrate temperatures as during the ion-only exposures. The exposure time for these samples is again 40 min. As noted above, UV/VUV-only exposure of PR surfaces for 40 min at temperatures up to 100°C does not result in surface roughness increase. The surface roughness of 193 nm PR during simultaneous UV/VUV and ion bombardment is temperature dependent with the greatest roughness observed at the highest temperature examined ͑i.e., 100°C͒. Clearly, the combination of ion bombardment, VUV exposure, and substrate heating results in the greatest increase in surface roughness. Figure 26͑c͒ is the SEM image corresponding to the AFM image of the plasma-exposed 193 nm PR in Fig. 25͑c͒ . The SEM images suggest that the plasma-exposed sample has an appearance closer to the beam-exposed sample maintained at 75°C. The SEM image shown in Fig. 26͑c͒ appears similar to images of 193 nm PR exposed to Ar-fluorocarbon plasmas under high-bias power conditions. 7, 21 Summarizing, the results of the vacuum beam studies are qualitatively consistent with the results of the plasma studies. Vacuum beam studies suggest that PMMA-based 193 nm PR roughening in plasmas is due, at least in part, to the combined, synergistic effects of VUV exposure and ion bombardment, with possible contributions due to heating. Interactions involving electron beams in addition to ion and UV/ VUV beams have been described by Chung et al.
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D. Molecular dynamics simulations of Ar + ion-polymer interactions
The effects of ion bombardment on polymer surfaces can be profound, with implications for all plasma-based pattern transfer processes that involve the use of polymer etch masks in lithography and etching. The effects of ions on polymer surfaces are known to depend on the energy, composition, and angle of incidence of the ions, as well as on the structure and composition of the polymer. During plasma treatment, polymers will be exposed to energetic ions as well as other species that can alter the surface composition and structure of the polymer. In spite of the number of reports concerning the observed effects of plasma exposure on polymers, relatively little detail is known of the atomic-scale mechanisms.
One technique that can help reveal details of ion-polymer interactions is MD. All MD simulations reported here utilize the reactive empirical bond order potential published by Sinnott et al. 221 van der Waals ͑vDW͒ interactions are not included in these simulations. The possible effects of the exclusion of vDW on the simulation results were discussed in detail in previous MD studies of hydrocarbon polymers. 222 "Ions" referred to here are, in fact, fast neutrals, as the ions are assumed to recombine as soon as they impact the surface. 222 The construction of the polymer cell and the methods of the MD technique are very similar to those discussed previously. 222 All of the MD simulations herein utilize a similar starting surface. Initially, for all polymers, the surface consists of 9 chains of 20 monomer units. The initial lateral spacing between chains is selected to give the polymer a bulk density close to that for commercially available samples. Periodic boundary conditions are employed in the lateral dimensions to mimic a larger surface. The bottom two monomer layers are held fixed, but as the polymer is sputtered away, additional material can be added to the bottom of the cell ͑at which point the previously fixed layer becomes "active"͒, such that a minimum of 3500 atoms is maintained in the cell throughout the simulation. For all of the studies carried out here, the temperature of the surface is set at 300 K. The initial surface is allowed to equilibrate for 20 ps at this temperature to relax the initial, regular chain structure before ion bombardment is begun. Ar + ions are brought in at random lateral locations above the surface and are directed downward with normal incidence. The ion and all atoms are tracked for a maximum of 10 ps for every impact. The tracking time is adjusted to ensure that the Ar + ion has sufficient collisions with the surface to dissipate the majority of its energy into the surface. All Ar + are tracked until they scatter from the surface or have less than 1 eV energy remaining. At the end of each impact, any remaining Ar + and sputtered products leaving from the surface are removed. The cell is cooled back to 300 K by coupling to a Berendsen-type heat bath. 223 The next impact is then begun and this cycle is repeated for several thousand impacts. Through this method, we can catalog the products that are evolved during ion bombardment, as well as track the changes to the surface over the course of exposure to experimentally relevant ion fluences.
We chose to examine PMMA as a typical O-containing hydrocarbon polymer, and because 193 nm photoresist is based on a PMMA structure. Figure 27 shows the initial ͑a͒ and final ͑b͒ cell configuration for the PMMA polymer surface. After approximately 1.5ϫ 10 17 cm −2 ion fluence, a steady-state sputtering regime was reached. The plot in Fig.  27͑c͒ clearly illustrates the formation of a damaged layer in bombardment. 179 The typical thickness for the damaged layer under 100 eV Ar + bombardment is ϳ2 nm. Both O and H removal rates are high when ion bombardment is initiated. In the final surface for PMMA, the O:C and H:C ratios drop from 0.4 to 0.18 and from 1.6 to 0.15, respectively. Just below the damaged layer, O atom concentration is found to be higher than that for the bulk, virgin polymer.
Companion experimental beam system studies were carried out with 150 eV Ar + ion energy on commercial 193 nm PR studies. 213 In the beam experiments, 1 cm 2 samples were first formed by spin casting PR onto a quartz crystal microbalance ͑QCM͒ substrate, and then baked to remove the solvent. Films were initially about 300 nm thick. The QCM was exposed at normal incidence to a beam of 150 eV Ar + ͑current density measured separately via Faraday cup͒ and the sputter yield was determined by the film mass loss and ion current density. The photoresist is PMMA based and consists of roughly 40% PMMA. Figure 28 shows the measured and simulated sputter yield SY as a function of fluence for p-MAMA, after correcting for the difference in ion energy assuming sputter yield varies as the square root of ion energy. The initially high yield indicates ion-enhanced formation of volatile products from the polymer surface region that is still hydrogen-rich at that stage. We see a good quantitative match between the initial yields from MD and experiment, and reasonable qualitative agreement in the transition to steady-state. There are some qualitative differences in the initial transient ͑i.e., when the SY begins to drop initially in MD versus experiment͒. Possible causes for this were discussed in detail elsewhere.
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E. Intrinsic roughening of polymer materials: Scaling approaches and experimental tests
For roughening studies of resist surfaces during plasma etching described above, we find that the rate of roughness amplitude increase and the characteristic lateral length scales depend on a number of parameters, including the resist composition, the etching gas composition, and the plasma operating conditions. A number of potential mechanisms might be responsible for roughening of the plasma/resist interface during etching. These can be broadly separated into two basic classes: intrinsic and extrinsic ͑the latter impurity and polymer structure related͒. Below we briefly review the work done to date to model the former class and evaluate the potential of the scaling approach to describe plasma-induced roughening of polymers. For this the reader is also referred to the review by Gogolides. 135 In general terms, roughening can be considered as an example of instability in the plasma/resist interface as it propagates. The propagation of the interface requires mass transport, both of reactants to the existing interface, and reacted products away. In addition local chemical potential variations across the interface can drive mass transport as well. The system is driven out of equilibrium: vertical chemical and electrical potential gradients drive the diffusion of reactive chemical species and acceleration of ionized species toward the interface, where there is some probability of reaction. Reacted species desorb with some probability, and the interface moves locally downward, i.e., toward the bulk of the resist. In these models, the stochasticity of the various steps results in instantaneous atom/molecule scale roughness. Smoothing of this roughness is driven by the lateral diffusion of reactants and relaxation of resist molecules across the interface. There is thus a competition between the vertical motion of the interface, and the lateral diffusion/relaxation, which kinetically determines the steady-state topography of the interface. It is well known that there are effects in such a system, which can lead to a true instability, in which an instantaneous topographical perturbation amplifies, rather than decaying as the interface propagates. The prototypical example, studied by Mullins and Sekerka, occurs during the solidification of alloys. 224 A common approach toward modeling processes such as growth and etching quantitatively involves continuum height equations. The time rate of change of the height of the surface is written as an expansion in powers of the local height gradient and local higher-order gradients; physically, this is due to correlations in the heights of neighboring sites on the surface due to both energetic and kinetic considerations. 225 Terms are included if they are consistent with the symmetry of the processes by which atoms are added in the case of growth or removed in the case of etching. Contact with physical models involves associating each term in the equation a microscopic effect. A limitation of this approach is that the number of terms, which must be included is small only in the limit of relatively flat interfaces, and indeed most theoretical treatments of kinetic roughening growth [225] [226] [227] and etching 228, 229 have been aimed at understanding the asymptotic time, long wavelength statistical behavior of the surface. In these treatments, roughness generally evolves from stochastic effects and kinetics, and energetic effects such as those arising from elasticity are usually not included, although as we discussed in a prior section, such effects can be dominant. As an example of such an approach, consider the related case of ion sputter erosion of a surface, which is one of the principal processes that occurs during reactive ion etching of a polymer. Sputtering of noncrystalline materials at nonnormal incidence often results in spontaneous pattern formation or "rippling." 230 This phenomenon was shown to be consistent with the competition between two terms in the height equation:
where the first term represents an instability due to a curvature dependence of the sputtering yield, due to increased energy deposition at troughs in corrugations, and the second term represents relaxation at short wavelengths due to ioninduced viscous flow. Linear stability analysis based on this height equation predicts a most unstable wavelength, which depends on the incident flux, the sputtering yield, the surface tension, and the ion-induced viscosity. 136, 230, 231 Nearly all experimental observations of ripple formation during ion sputtering have been for "hard" materials, 230, [232] [233] [234] [235] [236] although Pargon et al. 169 and Koval 93 observed similar phenomena for 193 nm PR polymer.
While the simplest phenomenological models approximate the evolution of the surface during plasma etching in terms of the local values of powers of the height gradient and higher-order height gradients, there can be nonlocal contributions to the etch rate as well. Singh et al. 237, 238 and Drotar et al. 228 considered a specific mechanism, which produces nonlocal effects in which ions or radicals from the plasma can impinge on the surface multiple times, and re-emission competes with etching,
The first term corresponds to evaporation and condensation, the second to surface diffusion or viscous flow and the last term to re-emission, with s i the probability of etching on the ith interaction, and F i ͑r ជ , t͒ the flux distribution after the ith interaction. The last term is stochastic noise. The detailed evolution of the surface in this model depends not only on the initial energy and direction of the ions/radicals but on the energy and angular distribution of re-emitted particles, and the existing topography. Drotar et al. 228 reported that direct integration of the corresponding height equation was only possible for relatively small system sizes, and as a result they relied on Monte Carlo simulations to explore the nature of the evolution in the asymptotic time/long wavelength limit.
To allow for a statistical description of the topography of a surface during etching or growth, it is common practice to define the height-height correlation function, 
͑31͒
Here w͑t͒ is the root mean square roughness of the surface, ͑the width of the plasma solid interface͒, and the function f shows scaling dependence for small r ʈ but saturates at large separations:
The exponent ␣ is referred to as the "roughness exponent," and ranges from 0 to 1, with 1 corresponding to a very rough interface. The characteristic distance is referred to as the correlation length and is a measure of the lateral separation beyond which the heights of different points on the surface are uncorrelated. These models assume that both the interface width and the correlation length grow with power law dependences on etching or growth time: ͑t͒ ϰ t ␤ , w͑t͒ ϰ t 1/z . The three "critical" exponents ␣, ␤, and 1 / z determine the "universality class" of the etching or growth model, and depend on the underlying symmetries associated with the individual processes by which material is removed, added, or rearranges on the surface. Scaling theory predicts that they are related by
Drotar et al. 228 used the results of their Monte Carlo simulations to predict asymptotic time, long wavelength values for the three exponents in the nonlocal flux redeposition model for etching for a number of different combinations of incident and re-emitted fluxes. Their results suggest that all three exponents approach 1 at long times: ␣ Ϸ ␤ Ϸ z Ϸ 1. Their simulations indicated a significant difference in the amount of etching time required to reach the limit where these exponents are reached for different combinations of incident and re-emitted flux angular distributions.
There are at least a couple of disadvantages to the scaling theory approach outlined above from the point of view of etching of resist polymers. The fact that simple scaling models do not consider the formation of one or more inhomogeneous layer͑s͒ at the polymer surface during plasma etching is a disadvantage. A second problem is that the predictions are for the asymptotic time/long wavelength limit. Arguably it is the transient, early time regime, which is most relevant technologically and, as seen in work reported in other sections, dominant in establishing surface templates that control subsequent surface roughening. Unfortunately knowing the critical exponents will generally not be sufficient to predict the transient behavior. In addition, there are nearly no experimental studies, which have been done to test the validity of these models in describing the roughening of resist polymers during etching. Results of investigations by Kwon et al. 240 on reactive ion etching of poly alpha-methyl styrene in C 4 F 8 / 90%Ar are shown in Fig. 29 . In Fig. 29͑a͒ examples of the height-height correlation function are shown. After 60 s of etching showed a roughness exponent ␣ approximately equal to 1, in agreement with the predictions of the flux re-emission model 228 ͓see Fig. 29͑b͔͒ . In Fig. 29͑c͒ , the logarithm of rms amplitude versus logarithm of etching time t for P␣MS etched in C 4 F 8 / 90%Ar is shown. According to scaling theory, ␤ is given by the long-time slope of this plot, 0.53Ϯ 0.02. This is different from a value of approximately 1 predicted by the flux reemission model. 228 In Fig. 29͑d͒ , the logarithm of the correlation length versus logarithm of etching time t for P␣MS etched in C 4 F 8 / 90%Ar is shown. The exponent 1 / z is given by the long-time slope of this plot, 0.20Ϯ 0.02, according to scaling theory, different from a value of approximately 1 predicted by the flux reemission model. Finally, Fig. 29͑e͒ compares measured values of 1 / z and ␤ / ␣ for PS ͑left bars͒, P␣MS ͑middle bars͒, and P4MS ͑right bars͒ etched in C 4 F 8 / 90%Ar. For all materials, the values of 1 / z and ␤ / ␣ are well below the predicted value of 1. In addition, the predicted relation between them given in Eq. ͑33͒ is not satisfied ͑see Fig. 29͒ . This may be an indication that the asymptotic limit had not been reached, or more generally, that the simple scaling model discussed above does not apply to plasma etching of the model polymers for the conditions studied.
IV. DEVELOPMENTS AND OTHER APPLICATIONS OF PLASMA-POLYMER SURFACE INTERACTIONS
Both photoresist materials and process flows involving PR masks and pattern transfer by plasma etch aimed at the 32 and 22 nm nodes have become significantly more complex than prior technology generations because of several important developments. One complication originates in the need to control interaction of the PR mask with liquid for immersion lithography ͑IL͒. This is addressed by hydrophobic surface modifications of the PR materials, which strongly impacts subsequent plasma etch performance of the modified PR ͑see below͒. A second complication is due to the fact that pitch shrinking has outpaced reductions possible with traditional and/or immersion lithography. This need has been addressed by introduction of double ͑or multi-͒ exposure and double ͑or multi-͒ etch ͑DE 2 or ME 2 ͒ process sequences that are required for 32 nm node, 22 nm node and beyond ͑see the paper by Colburn et al. 242 
͒.
The extension of current patterning approaches involves further developments of photolithography and extreme ultraviolet, 243 and also increasingly organic mask patterns Oehrlein, Phaneuf, and Graves: Plasma-polymer interactions: A review of progress in understanding 010801-28 010801-28 produced using soft lithography, 244, 245 e.g., microcontact, 246, 247 nanoimprint, 248, 249 and step-and-flash imprint 250 lithography, along with block copolymer self-assembly 251, 252 and other advanced lithographic techniques. In each case, an organic film-based image is produced which is transferred by plasma etching techniques into semiconducting, dielectric, metallic, and other materials.
A key point is that molecular design of organic masking materials for emerging nanolithographic approaches that may replace photolithography in specific applications will no longer constrained by optical transparency. This profound change provides the opportunity to use insights on plasmapolymer interactions for the design of organic masking materials and plasma processes to enable greatly improved resist mask stability in plasma environments.
Below we briefly discuss areas of current activity, where the results of the above descriptions will be relevant.
A. Developments of photolithography and EUV
Surface pretreatments for smoothing and etch resistance.
To improve plasma durability of 193 nm and EUV resists, pre-treatments of the resists have been investigated, along with changes in the plasma processes. For instance, reflow processes induced by ion bombardment 253 or by heating the resist materials above the glass transition temperature, 254 hydrogen addition, 255 and precuring processes 123, 256 have been examined. Plasma pretreatments ͑cure͒ of 193 nm PR materials without application of a bias, e.g., HBr treatments, have also improved performance during the subsequent high-bias plasma etching step. 125 These treatments of PR layers and structures following lithographic exposure and prior to plasma etching are aimed at increasing plasma etch durability of PR materials and structures, improving resulting profile shapes in the etched underlayer and reducing line width roughness. Pargon et al. 125 analyzed 193 nm PR materials cured in HBr and Ar plasma in detail, and observed that the plasma VUV photons removed ester and lactone groups from the resist bulk. Photon radiation from HBr plasma ͑160-170 nm͒ was found to chemically modify the entire thickness ͑240 nm͒ of a photoresist film, whereas the modifications due to emission from Ar plasma ͑photon wavelength ϳ105 nm͒ was more limited, likely due to reduced penetration depth. Pargon et al. 125 also observed formation of sp 2 carbon atoms in the resist bulk after HBr plasma cure treatment. Immersion lithography. IL refers to the use of water or another liquid between the final lens of the optical system and the photoresist to improve resolution to smaller CD. [257] [258] [259] Current approaches for preventing water interaction with IL PR chemistry either use a top coat hydrophobic layer or PR additives to create a thin hydrophobic layer within the IL PR. Since in the top coat route, the top coat is removed prior to the plasma etch process, its influence on plasma etching behavior may be small. The basic chemistry of many proposed IL resist materials, e.g., involving fluorination, is poorly understood. 260, 261 Fluorination of resist materials is a significant change from previous technologies and, as shown previously, 262 affects etch chemistry both at the atomistic scale and the macroscale. Such approaches complicate plasma etch pattern transfer, since in either case the polymer is modified by the additives-either at the surface or throughout the film. In particular, the additive route is more complex from a plasma etch perspective because the additive will be present in different concentrations depending on the depth of the film ͑due to transport limitations into the polymer͒.
EUV. Extreme ultraviolet lithography is being developed for use in advanced semiconductor device production. 243 For the strongly reduced wavelength in EUV lithography ͑13.5 nm͒, atomic ionization and plasma generation become important loss mechanisms, rather than molecular excitation or ionization at longer wavelengths. 263 At EUV wavelengths, unlike at optical lithographic wavelengths, transparency no longer varies strongly with molecular structure, but primarily depends on the atomic constituents. Optical transparency will be less important in the choice of polymers, [263] [264] [265] [266] and factors such as photon sensitivity, line edge roughness, and plasma etch resistance will become important selection criteria. This likely represents an area where the insights on the dependence of plasma-induced surface roughness of polymer structures can be employed.
B. Soft lithography and self-assembly
Soft lithography. Soft lithography 267 may involve "bilayer" imaging processes, which depend on patterned layers of organosilicon polymers serving as masks for anisotropic oxygen etch transfer of the pattern in the organosilicon material through an underlying organic layer to create high resolution, high-aspect ratio imaging structures. 268 The amount of silicon in the organosilicon material required to achieve a satisfactory etch rate ratio against an aromatic polymer such as novolac or polyimide is generally accepted to be approximately 12 wt% based on relative etch rate measurements that have been made in several plasma etching tools. The effect of the nature Siu O-bonding in the silicon polymer on oxygen etch resistance and surface roughness has been studied by Bruce et al. 156 Resist masks produced by self-assembly. Self-assembly is a powerful strategy for nanostructure fabrication. 269, 270 Selfassembled soft organic materials, e.g., block copolymers, surfactants, and proteins, have received significant attention as enabling nanofabrication technologies. 271, 272 Using selfassembled block copolymer systems, different mask morphologies can be produced, which depend on the relative length, composition, and degree of interaction of the blocks, as well as block copolymer film thickness and its corresponding interfacial ͑substrate and air͒ interactions. 273, 274 Such block copolymer thin films have been used as lithographic masks in a variety of nanopatterning applications 251, [275] [276] [277] [278] [279] [280] based on a number of block copolymer systems, including polystyrene-bpolyisoprene, polystyrene-b-polymethylmethacrylate, and polystyrene-b-polyferrocenyldimethylsilane. Despite the simplicity and symmetric nature of the patterns produced, the resulting substrates consisting of dense periodic arrays of sub-100 nm holes, posts or lines, are valuable for a number of emerging technologies, including ultrahigh density magnetic data storage, quantum dots for detectors or lasers, and ultrasensitive biochemical sensors. During the past decade, significant effort has been devoted to the understanding and control of long-range domain alignment in block copolymer thin films ͑for instance, see Refs. 252 and 281-284͒. A number of studies have focused on understanding plasma/block copolymer mask interactions. This includes development of plasma etching approaches for pattern transfer of block copolymer masks into ultrathin SiO 2 or Si x N y layers. [285] [286] [287] These nanostructured SiO 2 or Si x N y layers are usually less than 25 nm thick and are often used as sacrificial masks for further pattern transfer into other layers/ substrates, e.g., silicon. They often exhibit nonideal profile shapes, e.g., tapered ͑nonperpendicular͒ wall profiles, and for many applications, e.g., selective area or templated growth of high-aspect ratio semiconductor or metallic nanowires, the ability to produce thicker ͑Ͼ100 nm͒ templates in silicon dioxide or silicon nitride films would be advantageous. 288 Increasing the aspect ratio of the holes or trenches is a significant challenge and would be an important advance.
C. Relevance to other applications of plasma-polymer surface interactions
The interaction of low pressure nonequilibrium plasma with polymer surfaces is also required in a very large number of technological applications aimed at modification of surfaces, deposition, or etching of polymer films. 15, 289 For instance, polymers typically have low surface energy, which can lead to poor interfacial adhesion strength with other materials. 13 The polymer surface reactivity can be increased by surface activation/functionalization pretreatments by interaction with low temperature plasma ͑see, for example, Ref. 13͒. Control of adhesion covers industrial production of meter-scale to nanometer-scale products 13, [290] [291] [292] [293] with an example of the former being the treatment of plastics for packaging 294 and optical coatings of polymers 295, 296 for windows and optical appliances, while an example of the latter is surface preparation for nanotransfer printing where the transfer of a patterned thin-film ͑printable layer͒ from a "transfer" substrate to a "device" substrate 297 can be enabled by plasma treatment of surfaces to activate these. 298, 299 These industrial uses are driven by the attractive bulk properties of polymers, i.e., low weight, flexibility, and compatibility with advanced fabrication methods, e.g., low-cost roll-to-roll processing. Low-temperature plasma-based surface modification is compatible with the low thermal stability of polymers and affects only near-surface properties. The introduction of polar functional groups at polymer surfaces can render these hydrophilic and enhance printing characteristics. 300 Another wellknown plasma-induced surface modification of polymers is fluorination which renders polymer surfaces more hydrophobic ͑see, e.g., Refs. 301 and 302͒. Formation of organic/ inorganic thin-film interfaces are also required for flexible displays, sensors, photovoltaic devices, and other devices/ applications that are part of the development of the organic electronics industry based on flexible substrates. 303 Additional applications to which this review is relevant include plasma-based synthesis of organic and polymerized materials in plasma environments used as a protective, barrier, biocompatible, and optical coatings or other possible functions. 289, [304] [305] [306] The requirements can be significantly different from the considerations discussed here, although certain aspects may be similar, e.g., control of ion-induced mixing or interaction of VUV photons with the synthesized films. Remote and pulsed afterglow discharges can be used to address these concerns.
V. CONCLUSIONS
The surface/near-surface chemical and morphological properties of polymers and polymer nanostructures exposed to plasma can be dramatically altered by the plasma-polymer interaction. The changes induced depend in a characteristic fashion on polymer structure/composition and the nature of the reactive plasma the polymer is in contact with, in particular, bombarding species, their energies, and neutral radicals, along with the UV/VUV photon flux. While a tremendous number of observations are available in the literature, they are frequently disconnected. They are frequently disconnected and apply to significantly different situations. Available data and comparisons indicate that plasma-induced surface and sidewall ͑or line edge͒ roughness formed in polymers are directly related, and that these are replicated during plasma etching at the sidewall of etched features.
A study of the behavior of 193 nm photoresist related model polymers and 248 nm styrene-based photoresist polymers during contact with typical fluorocarbon/Ar plasma etching processes has shown that for a given polymer structure, the surface roughening rate depends linearly on the energy density at the polymer surface for different discharge conditions. Surface roughness is introduced at a timescale of the order of a few seconds, followed by the growth of the amplitude of SR features at time scales of the order of tens of seconds.
Comparison with exposure to vacuum beam ͑separate or simultaneous ionic and VUV exposure͒ has clarified that the capacity of UV/VUV radiation produced by plasma to deeply modify the molecular structure of the photoresist polymer is essential to surface roughening behavior. The formation of the UV/VUV modified layer is highly polymer structure and radiation wavelength dependent and can extend to a depth of 100 nm from the surface or greater. For the adamantyl structure of 193 nm PR polymers, elimination of oxygencontaining polymer pendant groups, e.g., loss of C v O, is seen and leads to a weakening of the polymer structure by chain scission. This region, in conjunction with the stiff damaged layer produced by ion bombardment, leads to severe surface roughness formation for 193 nm PR.
In contrast, UV/VUV irradiation produces minor compositional changes of 248 nm PR or styrene-based polymers, and only a modest increase in surface roughness is seen that is characteristic of ion beam only exposures.
A new insight into the cause of plasma-induced roughening of resists comes from the compelling observation by Bruce et al. that characteristic lateral ͑͒ and vertical ͑A͒ scales of measured surface roughness data are comparable to values derived from elastic buckling theory in the small displacement limit both below and above the glass transition temperature T g of PS, which is suggestive of a mechanical stress origin of plasma-induced surface roughness. Initial introduction of surface roughness in Ar plasma is based on ͑a͒ the formation of a highly stressed, amorphous carbon-like damaged layer at the surface of the polymer produced by high energy ion bombardment, with an extent that is given by the range of energetic ions, and is of the order of ϳ1 -3 nm for typical ion energies, and depends relatively little on ͑hydrocarbon͒ polymer structure, and ͑b͒ lowering of the mechanical energy of the stiff stressed layer on the compliant polymer underlayer by stress-induced buckling once the stress values increase above the critical stress. This model can explain the observation of rapid introduction of initial surface roughness, which is comparable to the time scale of establishing the ion-damaged layer ͑of the order of seconds for typical discharges͒. It also explains why the characteristic scale of surface roughness features is large relative to the size of polymer molecules. Changes in mechanical properties of the ion-damaged layer and polymer underlayer, e.g., due to VUV-induced effects, can lead to differences in roughening for specific polymer materials. For specific polymers, e.g., P␣MS, main chain scission takes place ͑and enhanced surface roughness is seen͒, whereas for related polymers, e.g., PS and P4VP, cross-linking is seen as a result of UV/VUV irradiation ͑and reduced or negligible surface roughness are seen͒. For certain process conditions, the ion-damaged layer may be minimized, e.g., oxygen plasma etching, in which case plasma exposure can lead to smoothing.
